International Journal of Future Generation Communication and Networking
Vol. 9, No. 7 (2016), pp. 135-144
http://dx.doi.org/10.14257/ijfgcn.2016.9.7.13

The Clustering Coefficient of Multiple Parallel Airlines AANET

Xue Liut? Xiaoping Zeng!¥!, Zhiming Wang!¥!, Bin Zhu™ and Li Chen'"

[1]College of Communication Engineering, Chongqging University, 400030,
China.
[2] Chongging Communication Institute, Chongging, 400035, China.

Abstract

As a kind of ad hoc networks, aeronautical ad hoc networks (AANET) has its own
characteristic, which is that nodes in the networks often move along multiple specified
lines. Considering this characteristic, we deal with parallel airlines in different height
levels of the airspace and work out the clustering coefficient of the AANET, which is one
of the key metrics of a complex networks. For two parallel airlines scenario, we give an
accurate calculation of its clustering coefficient. For multiple airlines scenario, though
accurate calculation can be done by extending the method for two parallel airlines, it
needs too much computation. Thus, we give an approximate calculation for the scenario,
which is much simpler and the deviation becomes very small when the number of airlines
becomes large as shown in numeric results.
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1. Introduction

With the rapid development of civil aviation, the demands of accessing Internet on
board have become stronger than ever before. However, in polar, desert, marine and other
areas where base stations can’t be built, aircrafts have to use satellite links or large span
multi-hop links within AANET to reach base stations. Due to the large delay, high cost
and limited bandwidth of satellite links, AANET is preferred for Internet accessing in
these regions [1-2].

For AANET, the Newsky project has proposed networking strategies with mobile IPv6
technology [3]. ATENAA project has studied Ka-band array antennas and optical
communications between aircrafts [4]. Justin R, Abdul J et al have presented cross-layer
networking solutions among physical, mac, network and transport layers [5]. Quentin Vey
et al have proposed the use of Direct Sequence CDMA (DS-CDMA) at the access layer [2]
while Jianshu Yan et al have studied the capacity of single flight path AANET [6] .

As a kind of ad hoc networks, AANET has its own characteristic. Nodes in AANET
often move along multiple specified lines, which behave not like the nodes in other ad hoc
networks where they can change moving directions at any time. There have been a lot of
works focused on the normal ad hoc networks and some of them have been done by using
the theory of complex networks [7-10]. Especially, for clustering coefficient, which is one
of the key metrics of complex networks [11], refs [12-15] have given some deep
researches. However, all of them are focus on networks where nodes distribute in a plan
while nodes in AANET are distributed along some specified lines, which is one of its
most important characteristics. Therefore, in this paper, we focus on some kind of
AANET and work out its clustering coefficient.

2. Assumptions

According to the specifications of the International Civil Aviation Organization ICAO,
the airspace is divided into several height levels and the distance between two adjacent
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levels is at least 300m. In this paper, we deal with one single air route with several
different height levels(call them parallel airlines), which has the same scenario as in
reference [6], and work out the clustering coefficients of two parallel airlines AANET and
multiple parallel airlines AANET respectively by ignoring the border effect.

Since AANET is not deployed currently and none of the achievements mentioned in
paragraph two of this section is taken as standard or in real use, we don’t consider the
physical and access layers of AANET and use a fixed value, r, as the communication
range for all planes. As many other works do, we assume the spatial distribution of planes
on each airline follows Poisson point process and, for simplicity, we assign a same plane
density to all the airlines.

3. Clustering Coefficient of Two Parallel Airlines AANET

If we consider a node and its neighbors in networks, the probability that two of these
neighbors are connected is defined as clustering coefficient of the network[16]. In our
scenario, we denote p(b<>c|a<>b,a<>c)as the clustering coefficient of the parallel
airlines AANET, which is the probability that the distance between planes ‘b’ and ‘¢’ is no
more than the plane’s communication range, r, under the condition that they are both the
neighbors of plane ‘a’. In the following context, we use P_ to represent

p(b<>c|la<>b,a<>c) forshort.
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Figure 1. Two Parallel Airlines

In this part, we consider the AANET of only two parallel airlines. In Fig.1, two parallel
airlines named Airline 1 and Airline 2 respectively have a distance h between them. We
set plane ‘a’ at point A of Airline 1, the circular communication coverage of which covers
segment MV of Airline 1 and segment DG of Airline 2. Plane ‘b’ and plane ‘c’ are
somewhere in MV and DG. In the following context, if we say “a plane covers something
(point or segment)”, it means “something is under the circular communication coverage of
a plane”.

When plane ‘b’ is at point B, the overlapping segments of airlines covered both by
plane ‘a’ and plane ‘b’ can be represented by the bold lines in Fig.1. Since planes are
uniformly distributed in airlines, which is one of the properties of Poisson point process,
the probability that the distance between planes ‘b’ and ‘c’ is no more than r is the ratio of
the total length of the overlapping segments (denote it asl(y), where y can be looked as

the location of plane ‘b’ for now) to the total length of covered segments by plane ‘a’
(denote it as L). Then, by denoting A(y)dy as the probability that plane ‘b’ is at
location y , we get the expression of the clustering coefficient in Eq.1.

_ (AW
Po = [ A= dy (1)

Since plane ‘b’ can be at any point in DG or MV and the distance h can vary from QO to r,
there is no unified form for A(y) aid I(y). Thus, we let A, (y) andlg,(y), where

Seg
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‘Seg’ stands for one of the segments covered by plane ‘a’, represent A(y) and I(y)
respectively when plane ‘b’ is on that ‘Seg’. Then, Eg.1 can be written as Eq.2.

P = | Awrre ey [ a ey )

According to where plane ‘b’ is and the value range of h, we classify the expressions of
A(y) and I(y) in Table.l, in which the location of plane ‘b’, y, is the distance

between plane ‘a’ and plane ‘b’. The derivation for each expression is in the following
context.

Table 1. Classifications For A(y) and I(y)

Segment Value
where Range A(y) 1(y)
plane ‘b’ is Of h
1 MV O<hs?r % O<y<r L-2y, O<y<r
L-2y, O<y<2yr*—h?
2 MV ﬁr<h<r 1, O<y<r Y, DEYENT
2 L 2r—y, 2r*—h?<y<r
3 DG O<h<\/§r y h<y<r 4ri-h* | h<y<xf2r272r«/rth2
2 Lyy*-h’ L—Z\/yz—hz, \/2r2—2r\/r2—h2 <y<r
y
4 DG @r<h<r LW’ h<y<r 4W’ h<y<r

3.1. Classification 1

Since plane ‘b’ is in the same airline with plane ‘a’, when y changes dy, plane ‘b’
moves dy too. In the addition of the condition that planes are uniformly distributed in
airlines, we obtain

A(y)=%, O<y<r

L=2r+2yJr*—h’
When h is no more than (+/3/2)r , the length of segment DG is always no less than r.

That means there is always an overlapping segment in DG and the length of it changes
linearly with y. Thus, it is easy to get
I(y)=L-2y, O<y<r

3.2. Classification 2

A(y) is the same as in Classification 1. When h is between (+/3/2)r and r, the
length of DG is always less than r. That means, if y is greater than a certain value, there

may be no overlapping segment in DG. It’s easy to find that certain value is 2'r> —h? .

Thus, we can get
{L —2y, 0<y<2/r? —h?

'(v)= —
2r—y, 24r°—h<y<r
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3.3. Classification 3

\/§ Airline 2
—r
2

Airline 1

Figure 2. Plane ‘a’ And Plane ‘b’ being On Different Airlines

In Fig.2, point Z represents the vertical projection point of A on segment DG and x
denotes the distance between plane ‘b’ and point Z. Since plane ‘b’ is not in the same
airline with plane ‘a’, when y changes dy, plane ‘b’ no longer moves dy as it does in
Classification 1 and Classification 2. Thus, we have the following derivation,

wox? = yz _h?
dy

S2X=2y—
ydx

y
LA(Y)=————, h<y<r
Lyy* —h?
As seen in Fig.2, the value range of y is now from h to r and, when y is greater than a
certain value, the whole segment DG is a part of the overlapping segments. That certain

value is y2r?—2ryr?—h*> and we get

(y)= 42—, hey<y2r?—2rdr’ —n?
L—Z\/yZ%hz, «/2r2—2rﬁ<y<r

3.4. Classification 4

A(y) is the same as it in Classification 3. When h is between (\/3/2)r and r, the
length of DG is always less than r and the whole segment is a part of the overlapping

segments. Thus, we obtain
I(y)=4Jr’—h*, h<y<r

Therefore, according to Table.1 and Eq.2 and considering that each segment covered by
plane ‘a’ is bilaterally symmetrical (e.g., MV is bilaterally symmetrical about point A), we
get two expressions of the clustering coefficient due to the two different value ranges of h.

NG

For O<h<—r,
2

138 Copyright © 2016 SERSC



International Journal of Future Generation Communication and Networking
Vol. 9, No.7, (2016)

_5 ri L—2yd 2 \/2rz—2r«/rz—hZ y réh/rz—hz q
P = J.o . y+ .[h 2 2 y
L L LJy*—h L
2 r y r|_—24\%y2—hzd 3
+ J.\/zﬂfzrﬁ Wy L y @)
f 2 2
:#(4,-_1)
L
For §r<h<r,
a1 L-2y r 12r-y
F’cc_zj0 E[Tdy+2 2WEE C dy
Y
r4\}r h dy o)

' y
+2.[h L\/yz_hz L

=%(2.5r2 —2h2)

4. Clustering Coefficient of Multiple Parallel Airlines AANET

As seen in Fig.3, there are several parallel airlines with uniformly interval, h, between
adjacent two. Plane ‘a’ and plane ‘b’ both can cover several airlines and the number of the
overlapping segments covered by them is due to the values of h and r. Since there is no
restriction on r, the number of overlapping segments can be large and that means the
number of the terms on the right side of Eq.2 can be large too. For each term, we must
split the integral interval according to the value range of h just as what we have done in
section Il. However, this time, the number of the value ranges of h is not only two and it
varies in accordance with r. Thus, it needs too much computation to give an accurate
calculation for the clustering coefficient in multiple parallel airlines AANET, though it
can be done. Thus, we give a simpler, approximate calculation by the following way.

Figure 3. Multiple Parallel Airlines

Let us first consider the area of the shadow region in Fig.3. We use y to denote the
distance between plane ‘a’ and ‘b’ again and S(y) to denote the area of the shadow region,
which is given below

S(y)=r? (2arccoS(2—yr) —sin(2arccos(2—yr))j

We can redraw some items in Fig.3 to Fig.4 and use the area of the shadow region in
Fig.4 to approximate the area of the shadow region in Fig.3. Then, by assuming there are
n(n>2) overlapping segments, denoting | (y)(k=123...n) as the length of each

segment and defining 1(y) as the total length of all the overlapping segments, we obtain
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() = X, () =hi(y)

In a similar way, if L,, denotes the total length of the covered segments by plane ‘a’,
we can get

7r? ~ hL,,
Lr/h)
Ly=2r+> 4a/r2 —(ih)?
Therefore, we obtain
1) _S)

2

all Y

Figure 4. Simplified Figure

In fact, there are | r/h|+1 segments covered by plane ‘a’. As shown in Fig.3, we mark
these segments with Seg,,, where ‘g’ is an integer and it varies from —|r/h| to|r/h]|.
Then, according to Eqg.2, we can get the approximate clustering coefficient of multiple
parallel airlines AANET in Eq.5.

< [ Ay, 022 (y)dy+ [ A%g,m(y)aﬂdw

SE(-{r/n) S(y) SE(-{r/h -2 (5)
...... + j Asegw) 5-dy
Sed o))
Since Seg_, and Seg,, aresymmetrical about Seg,, Eq.6 can be written as Eq.7.
S &) S
< | Ay, 02y [ 2a, 2 gy (6)
Seg o) i=1 Sedgi

Then, when plane ‘b’ is in segment Seg,, as what we do in the Classification 1 in
section I, we can get

1
ASeg(O)(y)::l O<y<r

Il
Since all the segments covered by plane ‘a’ are bilaterally symmetrical, we obtain

5 s
[ Ay (y) ) dy = gj Za (y)Oly
Seg(o)
When plane ‘b’ is in segment Seg(i)(|=1,2,3...Lr/hJ), we can easily get A, (¥)
according to the derivation in Classification 3 in section II.
2y

Auy, ()= —2—,
Luyy* —(ih)

ih<y<r

Then, we obtain
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Lr/h] S Lr/h] S
Y [ 2a,, 12 Wy -2 ij (y) dy
i=1 Seqiy zr Lall\/
Therefore, we get the clustering coefficient of the networks in Eq.7.
S(y) 2y S 4
~2 Ay +2>° | dy
J‘ oy J‘Ih La” y (Ih)z ﬂ-r

(")

(16 6\/_) ——£ﬂ+ —ar ZJ.M/ (ih) Dfr —(y/2)*dy

all =1

L,

all

5. Numeric Results

In simulation, we generate planes on each parallel airline according to Poisson point
process. After delete the planes at the borders, which can’t cover 2[r/h|+1 segments, we

calculate every remaining plane’s clustering coefficient by the following way. First, for
each plane, we count the number of its neighbors and denote it as k. Second, for every
pair of its neighbors, we check if their distance is less than the communication range r. If
yes, we add ‘1’ to another integer, K, whose initial value is zero. After checking all the
pairs, we get the plane’s clustering coefficient, which is 2K/ (ki (k —1)),k > 2. When all the

remaining planes’ clustering coefficients are worked out, we take an average of them and
the result is the clustering coefficient of the networks ignoring the border effect.

Table 2. Parameters for Simulations

Two Parallel Airlines Multiple Parallel Airlines

Scenario Scenario
Airline Length 1000km 1000km
Plane Density 1/km,5/km or 3/km,6/km or
10/km 9/km
Airlines’ Number 2 100
r 3km 5km
h 0.05r, 0.1r, 0.15r..., 0.05r, 0.1r, 0.15r..., or
or 0.95r 0.95r

Some parameters in simulations are listed in Table.2. Fig.5 shows the theoretical and
simulation results for two parallel airlines scenario while Fig.6 is for multiple parallel
airlines scenario. Since the calculation for two parallel airlines scenario is accurate and
has nothing to do with the plane densities in airlines, the theoretical and simulation values
in Fig.5 are almost the same and we only draw the simulation value with plane density 5
planes/km. Similarly, the deviation in Fig.6 is due to approximate calculation and, when h
becomes smaller, which means a plane can cover more segments, the deviation becomes
smaller too.

To verify that the plane density has nothing to do with the clustering coefficients in our
scenarios, we do the same simulations with different plane densities again and the results
for two parallel airlines and multiple parallel airlines scenarios are shown in Fig.7 and
Fig.8 respectively. Note that the values in Fig.6 and Fig.8 are very close to that in ref [12],
which has studied the networks with nodes distributed uniformly in a plan. Especially
when h/r is small, which means airlines are close to each other, the planes in airlines

can be looked like uniformly distributed in a plan.
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Figure 6. Results for Multiple Parallel Airlines Scenario
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Figure 8. Multiple Parallel Airlines Scenarios With Different Plane Densities
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6. Conclusion

As a kind of ad hoc networks, AANET has its own characteristic, which is that nodes in
the networks often move along multiple specified lines. Considering this characteristic,
we deal with parallel airlines in different height levels of the airspace and work out the
clustering coefficient of the AANET of parallel airlines. From the simulation, which
verifies the correctness of our work, we can find that the plane densities of the airlines are
not important as the ratio of the interval of two airlines and the communication range of
plane, if the densities are the same. In fact, if we assign different plane densities to
different airlines, the derivation of the clustering coefficient is almost the same, but the
expression of it will be more complicated.
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