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ABSTRACT. The analysis of the passenger spill data is an integral part for the determination
of optimal aircraft capacities in the airline fleet assignment process. Most research in this study
has assumed that the nominal demand is normally distributed. But empirical evidences show that
normal probability distribution is not suitable in many cases because of asymmetry nature of the
data. In the present study, we derive the essential formulae for calculating the expected number of
spilled passengers when the nominal demand is assumed to follow a Gumbel and a Moyal probability
distributions. A comparison of the corresponding results with a normal, a logistic, a log-normal,

and a gamma probability distributions is also presented.
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1. Introduction

The total number of potential passengers who cannot obtain a reservation and travel on a given
flight due to insufficient capacity is called the airline spill. Since these passengers are rejected by the
airline because the number of seats on the aircraft assigned to the flight is less than total potential

demand the spill is also known as rejected demand. That is,

Spill= Total demand - Total load of a flight.

When demand is less than capacity, load is equal to demand, and spill is zero. When demand
exceeds the capacity of an aircraft, load is equal to capacity and spill is equal to demand minus
capacity (load). Spill occurs as the result of greater potential demand for a flight than the physical
capacity of the aircraft.

The correct estimation of spill, or passenger demand turned away, is an integral part of the deter-
mination of optimal aircraft capacities in the airline fleet assignment process.

In practice it is difficult if not impossible to observe the actual “demand ” for a flight [2]. Since the
airlines have no way of keeping track of how many requested for booking were turn away or rejected
because there is no enough space the notion of “total demand” for a particular flight or set of flights

operated over a period of times is a theoretical concept.
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The Spill models predict average lost sales when demand exceeds the flight capacity, and have
been used by the airline industry since mid-1970s (Schlifer and Vardi, 1975). These models provide
critical information for decisions in selecting aircraft size for a particular market, assigning an airline’s
existing fleet to various markets and schedules, and planning the aircraft type for future expansion.
They are an integral part of modern yield management system. The basic idea behind a spill model
is that demand for a group of flights can be represented by a probability distribution. The group
of flights can be defined according to the wishes of the analyst or the airline. For example, it can
involve just one flight segment, a small group of segments served by single or multiple aircraft types
or all the segments served by a single fleet type. Airline passenger spill analysis has traditionally
relied on the normal probability distribution for the nominal demand. But empirical evidences show
that the normal probability distribution does not fit very well in many cases, especially for business
and first class compartments (Swan, 1992). The subject data is not very symmetrical and is often
skewed to the right of its mean. Li Michael et al. [1] give some alternatives introducing the possible
models could be logistics or log-normal and the gamma probability distributions. Since empirical
evidence shows that the positively skewed model will be appropriate it is very important to choose
a right probability distribution among the many competing distributions. In this paper we will
present Gumbel and Moyal probability distribution that offer a more flexibility of the probabilistic

characterization of spill data.

2. Definitions and Notations

Here we would like to mention some fundamental definition essential in the subject study. Also
see Li et al.(2000).

Let X be the nominal demand for a flight with capacity of C that could be the effective capacity.
Then we proceed to identify the following:
1. Nominal load factor (NLF) is defined as E(X)/ C, E(X) being the expected value of the nominal
demand.
2. Observed mean load is the expected value of the nominal demand X truncated at the capacity
level C, that is, E(min(X, C)); and the mean observed load factor (OLF) is defined as E(min(X,
C))/C.
3. The fill rate (FR) for the pth seat is defined as the probability that the demand is equal to or
greater than p, that is, P(X > p).

4. The spilled passengers (SP) is the number of passengers turned away because the flight is
fully booked, that is,

SP =E[(X - C)Ix>cl,

where Ix~¢ is the indicator function.
5. The spill rate (SR) is defined as the ratio of spilled passengers over the mean of the nominal

demand, that is,
SR — SP _ E[(X — C)Ixsc]
E(X) E(X)

The relationship between the nominal load factor (NLF), the observed load factor (OLF), and
the spilled passengers (SP) is given by

OLF = NLF — SP/C
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and consequently,
OLF =(1—-SR) x NLF.

Li Michael et al.[1] provides the spill formula for the normal, logistic, log normal and gamma
probability distributions. If the random variable X follows a normal distribution, N (u,o0?), with

mean g and variance o2 then the expected number of spilled passengers is given by
SP = o[p(b) = b(1 — 2(b))]

where

b=(C - p)/o.

¢(z)&P(x) denotes the probability density function (pdf) and the cumulative distribution function
(cdf) of standard normal N(0,1) probability distribution.
If the random variable X follows a logistic distribution with parameters # and § then the expected

number of spilled passengers is given by

SP =(In (1 + exp(—cge)> .

If the random variable follows the lognormal probability distribution with parameters p and o then
the expected number of spilled passengers is given by
SP =exp(u+02/2) (1 —®(c—0)) - C(1 - (c)),

where ¢ = nC=¢

Also if the random variable follows the gamma probability distribution with parameters o and

then the expected number os spilled passengers is given by
SP=af[l—-G(C,a+1,08)]—C[l - G(C,a,p)]

where
1

is the cumulative probability function of the gamma probability distribution with parameters («a, 3).

totemt/B gt

3. Spill formula for Gumbel Probability Distribution

The Gumbel probability density function(pdf) for a random variable X is given by

(3.1) f(z)ziexp[_xau_exp{—xa“” — 00 < T < 00

where 1 and o are the location and scale parameters respectively. This is the first extreme value
distribution also known as Type I extreme probability distribution. It has been used in engineering,
environmental modeling, finance, fire protection and insurance problems and for the prediction
of earthquake magnitude as well for modeling extreme temperatures and carbon dioxide in the
atmosphere and others. Since its pdf is skewed to the right it is a good candidate for modeling the
airline spill data. In this section we will develop the spill methods for Gumbel random variable.

We know that if X follows the Gumbel probability distribution then its expected value and variance

are given by

EX) = p+yxo=pu+0.577220
1.6449302

<
S

>
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respectively, where, v ~ 0.5772156649 is the FEuler’s constant.

Therefore, the coefficient of variation (C.V.) is given by

oy - SD(X) 1282550
T B(X) T p+0.577220°

Now, the expected value of the spill passengers is given by

SP = El(z—C)Ixsc]
— [ @O
C

/: @;C)exp[ﬁ;“_exp{ﬁ;“” iz

o /OO yexp[—y — exp(—y)]dy — bo /Oo exp[—y — exp(—y)]dy
b b

C—p
—£.

where y = *=F and b =

Upon simplifying the above integrals, we have
(3.2) SP = oblexp(—z) — 1] — 0‘/ exp(—t) Intdt
0

where z = exp(—b) = exp(—%).

4. Spill formula for Moyal Probability Distribution

A random variable X is said to have Moyal probability distribution with parameters p and o if

its probability density function (pdf) is given by

W e wt)

where —oo < < 00, —00 < p < o0 and o > 0.

This distribution was introduced by J.E. Moyal as a good approximation to the Landau probability
distribution. It has been shown that it remains applicable when we take into account quantasome
resonance effects and details of atomic structure of the absorber. The Moyal probability distribution
is used to characterize the energy loss by ionization for a fast charged particles and the number of
ion pairs produced in this process. See [5] for details. Note that the Moyal probability distribution

is skewed to the right and has mode p but its mean and variance are given by

E(X) pw+o(y+In2)~pu+1.27

7T2
Var(X) = 70%4.93480—2

respectively, where, v /=~ 0.5772156649 is the Euler’s constant.
Therefore, the coefficient of variation is given by

_ S.D.(X) _ 222
V.= E(X) ~ u+1270
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Now,we can derive the analytical expression for the expected value of the spill passengers as

SP = E[(l‘—C)Ix>C]
- / (z — C)f(z)dz
C

_ \/1*0 /Oo(ac—C)exp{—; (;i,uexp(_x;/x))}

= \/%/ (t—10) exp(;(tJret))dt

where t = Z=£ and b = E=£.
o o

We can further simplify the above integral and we have

SP = \/(;?/bootexp (—;(zH—e_t)) dt — ;%T /boo exp (—;(H e_t)> dt
ob[1 — 20(2)] — 400(2)

where

z =exp(—b/2), P m/ _*dy, \/7/ lnydy

The researchers in the airline industry use the coefficient of variation and the expected de-
mand to calculate the spill. Table 1 below provides the spill formulae for the Normal, Logistic,
Log-normal, Gamma, Gumbel and Moyal probability distributions. Also in the table we expressed

the parameters of each of the distribution in terms of mean pux and (or) coefficient of variation (CV).

Distribution | Reparametrization Spill Formula(SP)

Normal p=px;o=CV xpux o¢(b) —b(1 — @(b))],b = (C — px)/ox
Logistic 0=px;3= CX/T;X Bln(l +e ), k= CT

Log-Normal u:an,a— In(l14+CV2) | ux(1—=®(c—0)) —C(1 —P(c)),c = lniﬂ‘
Gamma o= gtz 8=CV? X pux ux[l—G(C,a+1,08)] — C[1 - G(C,a, B)]
Gumbel o= S =iy — o oble™ — 1] — 0Q(z), 2 = e(7V/? b= 1
Moyal o= C‘géé‘x = px — 1.270 ob[1 —28(2)] — 40U (2),z = e(70/2) b = C;

TABLE 1. Reparametrization and Spill formulae of the Normal, Log-

normal, Gamma, Logistic, Gumbel and Moyal probability distributions

2 2
where ®(z) = A [* e~ Tdy, ¥(2) = \/% Jo e~ T Inydy, Q(z) = [; exp(—t) Intdt
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5. Comparisons of spill values

In this section, we will present the spill values computed under the six alternative distribu-
tions numerically. We have computed the spill values for the Gumbel and Moyal distributions and
presented with the other four distributions that have been given by Li Michael et al.[1]. We have
calculated the spill for two capacity levels: C=30 and and C=150, and three CV values: 0.2, 0.5 and
0.8. Tables 2 and 3 report spill values at capacity levels 30 and 150 seats per aircraft, respectively.
Each of these tables are arranged so as to make it easy to compare spill values for the six alterna-
tive probability distributions at different levels of mean and coefficient of variation of the nominal

demand.

Hx = 115 120 125 130 135 140 145 150 155 160 165 170
06 12 21 33 49 69 92 12.0 15.0 184 22.0 258
0.8 13 21 32 46 65 88 115 145 179 21.6 255
1.1 17 26 38 53 71 93 118 147 179 213 25.0
09 16 25 37 52 71 93 119 149 181 21.6 253
14 20 29 40 54 71 91 115 142 172 206 24.2
15 23 31 41 55 71 91 113 138 16.7 200 234
9.6 119 144 171 201 23.2 26.5 29.9 335 372 41.0 448
9.1 11.2 13.6 16.2 19.0 22.1 253 28.7 32.2 359 39.6 43.5
11.0 129 15.0 173 19.8 224 25.1 28.0 31.0 342 375 409
11.0 13.1 154 179 20.5 23.3 26.2 293 325 358 39.3 428
10.8 129 15.1 17.5 20.1 228 25.7 287 319 352 38.6 422
11.0 13.0 152 17.7 20.0 225 252 281 31.2 343 376 41.0
21.8 252 286 323 36.0 399 43.8 479 52.0 56.2 60.5 64.8
20.6 23.8 27.1 30.6 34.2 38.0 419 459 499 541 583 62.6
21.4 239 26.5 29.2 321 350 38.1 41.2 445 47.8 51.2 54.7
233 26.2 29.1 322 353 386 420 454 489 525 56.2 59.9
22.7 257 288 32.0 354 388 424 46.0 49.7 53.5 574 61.3
226 25.6 28.6 32.1 349 38.1 415 45.0 485 522 56.0 59.7

TABLE 2. Spill table with capacity (C) =150. A=Normal, B= Logistic,
C=Lognormal, D= Gamma, E=Gumbel and F= Moyal

Cv=0.2

Cv=0.5

Cv=0.8

TEHOoOQ@WEeETET@EOQ®>"T0OH0QE
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wx = 20 22 24 26 28 30 32 34 36 38 40 42
A 00 01 02 07 14 24 37 52 68 86 104 123
B 00 01 03 06 13 23 36 51 68 86 104 123
Ccv=02 C 00 01 03 08 14 24 36 50 66 84 102 121
D 00 01 03 07 14 24 36 51 6.7 84 103 122
E 01 02 04 08 14 23 34 48 65 82 101 120
F 01 02 04 08 14 22 33 47 63 81 100 12.0
A 08 15 24 34 46 60 74 90 106 12.2 14.0 15.7
B 08 14 22 32 44 57 72 87 103 12.0 13.7 155
Cv=05 C 12 18 26 35 45 56 68 82 9.6 11.1 127 143
D 12 18 26 36 47 59 72 86 100 11.6 13.2 14.8
E 12 18 26 35 46 57 70 84 99 114 13.0 14.7
F 12 18 26 35 45 57 69 82 96 11.1 127 143
A 26 37 50 65 80 96 11.2 13.0 14.7 165 184 20.3
B 25 35 48 6.1 7.6 9.2 108 125 143 16.1 179 19.8
Ccv=08 C 29 38 48 58 7.0 82 96 109 124 138 154 170
D 31 41 52 64 7.7 91 105 120 13.5 15.1 16.7 18.3
E 29 40 51 64 7.7 92 107 123 139 155 172 189
F 30 40 51 63 76 9.0 105 120 13.5 15.1 16.7 184

TABLE 3. Spill table with capacity(C)=30. A=Normal, B= Logistic,
C=Lognormal, D= Gamma, E=Gumbel, F= Moyal

6. The Shape of the Demand Distributions

As it has been already mentioned the normal probability distribution in most cases does not fit
the actual spill data because of its symmetrical behavior among other restrictions. As pointed out in
Li Michael et al.[1] the shape of demand distribution is skewed to the right for small cabins. Thus we
recommend to choose the right skewed Gumbel and Moyal probability distribution for estimating the
demand. In this section we will provide a graphical comparisons of all Normal, Logistic, Lognormal,
Gamma, Gumbel and Moyal probability distributions for the same values of mean and cv. Statistical
software R [4] have been used to perform all necessary calculations and graphics.

Note that both the Gumbel and Moyal probability distribution offer more flexibility with respect to
skewness and asymmetry for small demand and coefficient of variation. As the demand increases we
can observe that there is reduction in skewness. Also the graph clearly display as the mean and cv

increases the probabilistic characterization of the skewed pdf is significantly different.
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FIGURE 1. The demand distribution with cv=0.2
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Demand Distrbution with mean=30, CV=08
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FIGURE 3. The demand distribution with cv=0.8

7. Concluding Remarks

We have introduced the Gumbel and Moyal probability distribution to characterize the prob-
abilistic behavior of the airline spill data. In addition to the analytical development of all essential
formulas to be applicable in the subject area, we have numerically and graphically compared the
proposed pdf with other probability distributions that have been used to study the subject data.
Finally, the proposed two probability distributions offer more flexibility to more accurately charac-

terize the asymmetric behavior of spill data.
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