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Abstract
Aircrafts on a Global Scale from Real Aviation Databases. Then, We Reveal that the Distances

We analyze Inter—Aircraft Distances between Two Closest Flying Passenger

Follow a Gamma-Pareto Distribution. Our Finding is Useful for Designing Wireless Transceivers
Since it Gives the Probability Distribution Regarding the Link Distances which the Wireless

Transceivers should Cover for Providing Internet Services.
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There have been many efforts to provide

Internet  services for the passengers in
passenger aircrafts such as OnAir, Gogo
inflight Internet, and AeroMobile [1 - 3]. So far,
most technologies have employed satellites
together with ground stations or only satellites
in order to maintain the wireless connectivity
for the Internet services. However, thanks to

recent evolution of wireless communication
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technologies covering very long distances [4 -
6], e.g., 2007300 km,
possible to provide

it will eventually be

inexpensive satisfactory
inflight Internet services by establishing wireless
multihop links with only ground stations against
the previous work in [1 - 3], [7,3].

For this purpose, we need to know how
long the wireless transceivers should cover
with
have

air-to—air  links practical  statistics.

However, there been few studies
regarding the distances. For this reason, we
between the closest
We had

worldwide flight data for four months. Then,

analyze the distances

passenger aircrafts. collected
we find statistical characteristics regarding the

distance between an arbitrarily chosen aircraft
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and 1its closest aircraft all over the world.
Surprisingly, we find it out that the distance
follows a Gamma-Pareto distribution with
negligible errors. It implies that the distances
between the closest passenger aircrafts can be
simply represented by the specific parameters
of the Gamma-Pareto distribution.

Our finding can be further used for
numerical analysis of mobility management or
simulation studies when flying passenger
aircrafts establish wireless relay networks for
inflight Internet services. This paper is
organized as follows: in Section II, we explain
the statistics we have collected. In Section III,
we search for the characteristics regarding the

distances. Section IV concludes this paper.

2. AlAH JAM gl Al
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We had collected the flight information
posted on “www.flightradar24.com” from April
13, 2014 to 8,2014. Flightradar24

provides passenger aircraft flight information

August

by gathering the information from three
sources, 1.e., automatic dependent surveillance-
broadcast, multilateration, and federal aviation
administration [9].

For the data collection, we have developed a
software, written in python and bash script
languages. It retrieves the flight data every
minute and parses them for a proper analysis.
The flight data includes passenger aircraft
altitude, latitude,

airport, destination airport etc, and hence, by

name, longitude, departure
using each pair of the latitude and longitude,
we can calculate the distance(=D) between
arbitrarily chosen two passenger aircrafts with

the equation below [10]:

D = Rarccos (cos (¢, )cos (¢y)cos (A, — Ay)
+ sin (cos (¢, )sin (¢,) (1)

where ¢; and @2 are latitudes of two
passenger aircrafts, respectively while A1 and
A2 are longitudes of them, respectively. For the
equation, latitudes and longitudes are converted
R(«6373 km) is the
average radius of the earth.

For

aircrafts flying higher than 22000 feet since

in units of radians.

our analysis, we choose passenger

typical cruising altitude for
domestic/international flight ranges between
22000/26000 and 28000/39000 feet. Note that
22000, 26000, 28000 and 39000 feet are 6.70,
7.92, 853, 11.88 km. In the rest of this paper,
we deal with only flying passenger aircrafts
higher than 22000 feet.

Meanwhile, the distances are derived based
on the belief that the earth is round. However,
passenger aircrafts communicate with each
other on a straight-line distance. Besides, the
fly at different

altitudes so that the different altitudes may

passenger aircrafts may
cause an error for the calculation of the
distance. In other words, there exist errors
between the derived distances with Eq. (1)
and the straight-line distances for the wireless
communications.

Therefore, we derive the error ratio as
follows. For the derivation, (1) we assume that
one of two chosen aircrafts is located on the
earth for worst
We have the

between the distance along the surface of the

surface of the case

consideration. (2) difference
earth and the straight-line distance for two
chosen aircrafts. After that, (3) we divide the
difference by the straight-line distance derived
by:

arccos ( )
1— R +}2 (2
tan (arccos ( )

R+h

where £/ is a cruising altitude and 6:70 km <

-2 -
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h < 11:88 km. From this equation, the error
ratio is maximized to about 0.001241 when /A =
11:88 km. It means that we can ignore the
errors in this work. For further explanations,
we summarize the notations for the variables
used in this paper as shown in Table I

Table 1 Notations for the Variables

Notation |Meaning
d Set of collected flight data
h Altitude of an aircraft
ko Parameters of the Gamma distribution
o) P}robabﬂity function for the number of
aircrafts
D Inter—aircraft distance
G Group of aircrarts
R The radius of the earth
o co Pgramet_ers of the Gamma-Pareto
T distribution
b1, d2 Latitudes
AL Ao Longitudes

3. Statistical Analysis

We observe the number of concurrent flying
passenger aircrafts on a global scale. Fig. 1
illustrates how the average number of flying
passenger aircrafts and its standard deviation
varies from the beginning date, ie., April 13,
2014 to the ending date, i.e., August 7, 2014.

In this figure, x-axis and y-axis represent
the days elapsed from the beginning date and
the number of passenger aircrafts in the sky,
respectively. For this figure, we divide flight
data for a day into two parts, ie.the data for
00:00 AM™12:00PM and 12:00PM~23:59:59AM,
GMT+7, that

represents the average for each half day. In

respectively, so each point
this figure, we can see a sharp drop on 27th
day from the beginning date since the data
collecting operation was halted for a few hours

temporarily due to a technical problem of our
server. However, the missing part is negligible
compared with the entire data collections.

and the
large

From the averages standard

deviations, Wwe can see standard

deviations on each day. For instance, we
observe the total number of flying passenger
aircrafts change every minute on June 7, 2014
in Fig. 2. This figure shows that the number
of flying passenger aircrafts varies in a wide
range between about 3500 and about 5200 at
that day. Meanwhile,

average moves from about 3500 to about 4500

we observe that the

incrementally for three month. From Figs. 1
and 2, we classify the collected flight data
according to the number of passenger aircrafts
in the sky for further analysis, and hence, we
continue to make groups of passenger aircrafts
with the equation below:

G =dlns < |dl < (n+1)s 3)
where & =100 and n € N when N is set of

d is set of collected flight
data and |dl is the number of the aircrafts.

natural numbers.

From this equation, we have the probability
()
passenger aircrafts in the sky by:

function regarding the number of

|d|
v de G(u]

p(n):—Z S

v G(m) vde G(m)

(4)

where m, n € N. Meanwhile, we plot p(n) as
shown in Fig. 3. It shows that at least/most
2500/5500 passenger aircrafts are flying in the
sky. Therefore, we only consider 25 < n <
55 for p(n). Therefore, we can say that there

55
are about 4079.85(= 100 Y, np(n)) passenger
n =25

aircrafts in the sky on average.

_3_
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Next, we investigate what distribution is the
most suitable for the distances between the
closest passenger aircrafts. For this purpose,
we classify the obtained statistics depending
on the average number of passenger aircrafts
in the sky. Then, we rearrange them according
to the distances between the closest passenger
aircrafts.

Fig. 4
painted gray for the statistics at a randomly
chosen day, ie., GMT+7 0:00712:00, 7th June
2014. In this figure, x- and y-axes represent

shows an exemplary histogram

the distance in units of kilometers between the
closest passenger aircrafts and the probability
value, respectively. In this figure, we can see
four distributions of which parameters are
selected to best represent the distribution of
the collected data. Especially, the parameters
of Beta, Lognormal, and Pareto distributions
are chosen with the algorithms provided by
Python’s SciPy package [11] while those of
Gamma-Pareto distribution are selected with
the method detailed Iater.

choose Gamma-Pareto since it

Consequently, we
is the most
suitable for the distribution of the collected
data as detailed later.

In this figure, we can observe that the
distribution of the collected data has long tail
decaying slowly when the x-range is much
greater than ‘0. The distribution having this
named Gamma-Pareto distribution,
We
assume Gamma and Pareto distributions are
—_— 1 et and k‘0k
/Ba F(a) uk+l
respectively, where a G keo >0 and u> e for

feature,
was derived by the authors of [12].

given by

random variables ¢ and uz In this case, the

Gamma-Pareto distribution is given by [12]:

Lye-1 (5)

where ¢ = B/k and = > 0. Therefore, we need
to know what similarity exist between the
statistics and Gamma-Pareto distribution. In
find best-fit
function (pdf) of Gamma-Pareto distribution
well-matched by the
exhaustive search algorithm to find minimum

order to probability  density

statistics, we adopt

mean square error provided by:

M1

argmina,c,e(iM (f(m) = f(mse,c,0))*)  (6)
m =0

where M = 400. f(m) represents the

probability values regarding the statistics. In
this figure, the red line indicates the pdf of
the found Gamma-Pareto distribution when a
= 712, ¢ = 011, and e = 0.0145. Herein, we
recognize that the Gamma-Pareto is well
matched by the statistics with the very small
value (=0.0006) of mean square error.

By adopting the exhaustive search algorithm,
we find the parameters for the best-fit pdfs
depending on the number of passenger
aircrafts in the sky. Fig. 5 shows the obtained
parameters exist within small ranges. Now, we
have expected values for the parameters with

Eq. (4) and the equation below:

55

(a,c,0) = ) (!, ,61)) % p(n) (7)

n =25

0
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Figure 1: The number of passenger aircrafts according to the data collecting period.

Fig. 1 The number of passenger aircrafts
accroding to the data collecting period
From this equation, we have the

expectations by:

-4 -
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a=80.4759, ¢= 0.101546, = 0.0122556 (8)

We need to evaluate how much we can rely
on a,c and @ for realistic environments. For
this purpose, we have root mean square errors
with standard deviations for the flight data
obtained every minute shown in Fig. 6. In this
figure, the root mean square errors are smaller
than 0.002. It

a,c and@ for the Gamma-Pareto distribution to

implies that we can employ
estimate the distances between the closest
aircrafts.

Finally, it is necessary to evaluate how
much the statistics of the collected data is
consistent with an assumed distribution. For
this
Smirnov

Kolmogorov -
the

is usually used to

purpose, we conduct
(K-S)

goodness-of-fit since it

test to verify

decide if a sample comes a population with a
specific distribution [13]. For our K-S test,

Gamma-Pareto, Gamma and  Lognormal
distributions are considered as reference
distributions and  the best distribution

parameters are selected for the collected data.
In the goodness-of-fit test, p-value, where 0
< pvalue < 1, is used as a metric
representing the consistency. We can say that
follow the

if the p-value of the

collected experimental statistics
assumed distribution
statistics is greater than a threshold, typically
0.05 or 0.01.

For Gamma-Pareto distribution, the p-value
is 09964 with the obtained parameters in Eq.
(8), and hence, it is acceptable the hypothesis
that the closest distances follow Gamma-
Pareto distribution. Similarly, the p-value is
0.4040 for Lognormal distribution. It implies
that

either.

Lognormal distribution 1is acceptable

Therefore, we compare root mean

square errors when Gamma-Pareto and

Lognormal distributions are applied to the
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Fig. 2 The number variation of the passenger

aircrafts on a global scale for a day.

0.1 T T T T T
0.08 | -
Z  0.06 | E
£
©
el
o
& 004} -
0.02 F i
oLl
2500 3000 3500 4000 4500 5000 5500

Number of aircrafts in the sky

Fig. 3 Probability function p(n) representing
the number of passenger aircrafts in

the sky.
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Fig. 4 Best-fit probability density function for
collected data.
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distributions of every half-day’s flight data
with the best parameters. Then, we obtain the
average root mean square errors for
Gamma-Pareto and Lognormal distributions by
2.30e-5 and 6.10e-5, respectively. Their
standard deviations are 2.56le-6 and 6.10e-5,
respectively. For this reason, we claim that
Gamma-Pareto distribution is more appropriate
for the distances while Lognormal distribution

is also acceptable.
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Fig. 5 Parameters depending on the number

of passenger aircrafts in the sky.

4. Conclusion and Future Work

In this paper, we reveal that it is possible to
approximate the distribution for the distances
between the closest passenger aircrafts with
This

helpful for the research on aeronautical ad hoc

Gamma-Pareto distribution. work s
networks. From the finding, we further study
what frequency bands are appropriate for the
ad hoc

interference models for the frequency bands,

networks, how we can develop
and what modulation policy we need to adopt,
sequentially. Additionally, we need to consider
that aircrafts’ antenna may not cover all

angles so that neighboring aircrafts may lose
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Fig. 6 Average mean square errors with

standard deviations when a,c and@

are used.

wireless connectivity in reality. Therefore, we
will study the issue either. This work is also
helpful for other studies including analytical
modelings and simulations of aeronautical ad
[14,15], the

services

hoc networks. As stated in

investments on the network may
improve the benefits of information technology

companies.
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