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Abstract: In order to obtain accurate conflict risks in terminal airspace design, the concept and calculation model of
potential conflict frequency for intersected routes are proposed. Conflict frequency is represented by the product of
horizontal conflict frequency and vertical conflict probability. The horizontal conflict frequency is derived from the
probability density distribution of conflicts in a period of time. Based on the recorded radar trajectory data, the
concept and model of ROUTE distance are proposed, and the probability density function of aircraft height at a
specified ROUTE distance is deduced by kernel density estimation. Furthermore, vertical conflict probability and
its horizontal distribution are achieved. Examples of three intersected arrival and departure route design schemes
are studied. Compared with scheme 1, the conflict frequency values of the other two improved schemes decrease to
53% and 24 %, respectively. The results show that the model can quantify potential conflict frequency of intersec-
ted routes.
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1 Introduction

Terminal airspace is the transitional space
between aerodromes and en-route networks, so
there are inevitably several intersected arrival and
departure routes in it, especially in the intersec-
ting areas. In intersected route design with less
conflicts, the air traffic controllers’ workload of
predicting and solving conflicts can be reduced
significantly, and the safety and efficiency of air
traffic system are also greatly improved:™?.
Hence, the calculation of conflict number is very
important for improving not only the design of in-
tersected routes but also the performance of ter-
minal airspace.

Over the past few years, estimation of con-
flict number between intersected routes has been
widely studied, whereas most researches focused

on en-route flight phase. For example, Schmidt
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applied circular protection zone to deduce the
mean and variance of the potential conflict num-
ber in an hour™ ; Friedman considered the lasting
time of conflicts as a very important factor in
risk, and calculated the number of conflicts with
different lasting time! ; Zhao proposed a concept
of separation between two intersected routes
using rectangular protection model, and esti-
mated the conflict number in a given time™;
Netjasov designed a geometric model to identify
the key route segments for calculating potential
conflicts between converging aircraft on the inter-
sected routes, but did not consider the multi-air-
craft situation on the same key route segment'®.
Notably, most the above mentioned researchers
only focused on the horizontal flight, and neglec-
ted the vertical conflicts. Although Geisinger
proposed a three-dimensional elliptical conflict ar-

ea model under the assumption of constant flight
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path angle, the assumption was always not corre-
sponding with the real height distribution in ter-
minal airspacel™.

Since terminal airspace has gradually become
the bottleneck of improving safety and efficiency
of the whole air traffic system, the calculation of
potential conflicts on intersected routes in termi-
nal airspace attracts more and more attentions in
this field. In this paper, the concept and content
of conflicts in the design of intersected arrival/de-
parture routes are briefly introduced first, and
then a probability calculation model of horizontal
conflict frequency is established. On the basis of
recorded radar trajectory data, the concept of
ROUTE distance is proposed, and the probability
density function at a specified ROUTE distance is
deduced for aircraft height data distribution using
kernel density estimation method. Furthermore,
a calculation model of vertical conflict probability
is given. Finally, the proposed calculation model
of conflict frequency is used in the design work of

improving arrival and departure routes.

2 Conflict Model for Traffic Flows
of Intersected Routes

2.1 Conflicts of intersected routes in terminal air-

space

In terminal airspace, arrival flights descend
and converge into the runway threshold from dif-
ferent entrances, and departure flights take off
from the runway and diverge out. Consequently,
it is inevitable that several routes intersect.

According to the definition of International
Civil Aviation Organization (ICAQO), air traffic
conflict means that both the horizontal and verti-
cal distances between two aircraft do not meet the
minimum horizontal and vertical separation at the
same time"®). When the traffic flows of the inter-
sected routes increase to a certain level, the air-
craft on different routes will compete for the spatio-
temporal resources, and when a contradiction hap-

pens, an air traffic conflict will appear™’.

2.2 Potential conflict frequency

In the design phase of terminal airspace, it is

necessary that designers well learn the overall sit-
uation of probable traffic conflicts in a certain
route structure within a certain period. Airspace
designers always focus on the analysis of interac-
tion between traffic flows rather than an individu-
al conflict event between two aircrafts. For the
traffic flows of intersected routes, the number of
conflicts is mainly affected by the crossing angle
between two routes and the traffic flow rate,
which is of some uncertainty. Given a specified
route structure with a constant traffic flow rate,
if the aircraft are not interfered by air traffic con-
trol, the possible number of air traffic conflicts
during a certain period can be defined as conflict
frequency. Conflict frequency reflects the inher-
ent risk in the route structure, and should be re-
duced as much as possible by improving the de-
sign of arrival and departure routes.

According to the analysis on traffic conflicts
in Section 2. 1, the horizontal and vertical aspects
are the focus of this paper.

In a certain period, the conflict number that
the horizontal distance between aircraft is less
than the horizontal separation minimum is defined
as horizontal conflict frequency, noted as F;
the probability that the vertical distance between
an aircraft and other aircraft is less than the verti-
cal separation minimum is defined as vertical con-
flict probability, noted as P.,.,.

Assuming there are two intersected traffic
flows L, and L,, within an enough time AT, the
total number of aircraft that fly over a certain po-
sition on L; is ', and the number of aircraft that
conflict with aircraft on L, is N.. As described in
Section 2. 1, there will be inevitably horizontal in-
tersecting and vertical overlapping between arri-
val/departure routes. The closer the aircraft to
the aerodrome, the more obvious their conver-
gence will be. As a result, a lot of events that
vertical distances between aircraft are less than
the vertical separation minimums occurr in termi-
nal airspace. Probability theory and mathematical
statistics principle point out that if the number of
trials is large enough. the occurrence probability

of one event is approximately equal to the fre-
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quency of that event happens®. On this basis,
the probability that an aircraft conflicts vertically
with aircraft in other traffic flows can be called as
vertical conflict probability (VCP), which can be
expressed as follows

Nc
F

Different from level flight, although arrival

P, ~ @)

and departure routes intersect in horizontal pro-
file, they may be separated in vertical profile.
Obviously, only the aircraft which conflicts with
other aircraft in horizontal profile and overlays in
the vertical profile can result in a real conflict.
Therefore, the overall conflict frequency F. of the

intersected air traffic flows can be described as

Fc:Flmz .Pver (2)

3 Horizontal Conflict Frequency
3.1 Model of intersected routes

In conflict detection, cylindrical protected
zone model is intuitive and easy to operate, so
this study adopts this model to judge whether a
conflict occurs or not. Here, only conflicts in
horizontal profiles are involved.

A typical schematic of intersected routes is
given in Fig. 1. There are two intersected routes
L, and L, at same flight level at an angle of «, and
all aircraft strictly adhere to the centerline of their
air routes without any lateral error. The traffic
flows on L, and L, are respectively noted as F,
and F,, and the corresponding traffic flow rates
are A; and A;. The average velocity of the aircraft
in F, is V,, and that of the aircraft in F, is V,. F,
and F, firstly encounter at intersection point S,

and then spread out.
3.2 Determination of conflict section

Assume an aircraft f, in F, is located at the
intersection point S at time ¢, and that another
aircraft fy in F, is on L,. As shown in Fig. 1, set
a circle protection area with the center S and the
radius A, and the straight lines L, and L,, are the
tangent lines to the circle protected area, satisfy-
ing L,y//L,s Lys//L,. S, is the crossover point of
L, and L,, and S, the crossover point of L,, and
L,.

Fig. 1 Conflict segments of intersected routes

At the moment when aircraft f, is over S,
any aircraft of F, on segment S,S, is likely to
conflict with f, in the past (f)), future () or
present. Obviously, the length of the segment on

L, where conflicts probably happen, noted as D, ,

can be expressed as followst

= 5,5 |+] 85, =2+

Sil’la

Dl :‘ S1 Sz

A 2A (3)

sing  sina
If the horizontal separation minimum in F, is
also A, we can get |E,E,|=D,. Thus, the area
surrounded by S, E|S;E, is the potential conflict
area of intersection S, which can be called as con-

flict zone for short.

3.3 Probability distribution of horizontal conflict

number

According to the research of Muller'™’, let n
be the number of arrival aircraft on an air route,
and n obeys Poisson distribution during a given
time. Assume the arrival rate is A, and that the
number of arrival aircraft at time ¢ is a discrete
random variable, and thus the mean value of arri-
val aircraft is Az. Then, the probability of n air-
craft on route L that arrive at point S within time
¢ can be deduced as'?

P, () :(’“)% 4
nl!

From the assumption in intersected route
model in Section 3. 1, the traffic flow rate on L, is
.. For a stationary Poisson process, assume the
probability that £ aircraft arrive within time ¢ =

& 1s P“1 (k) as

1
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Thus, the probability that there are £ aircraft in

an arbitrary range of D, in a certain time ¢ is
Py (k). The longitudinal radar separation provid-
ed by traffic control is usually more than 10 km,
and the number of aircraflt on any segment with
the length of /=10 km will be no more than one.
Therefore, the situations that there are more than
two aircraft on [ segment should be excluded.
Assuming P,(k=2) is the probability that there
are more than two aircraft on / segment, then the
probability that there are no more than one air-
craft on an arbitrary 10 km segment can be ex-
pressed as

M
Py (k> 0) =P, (k=1)+ >, (P, (k=m) —

P,(k=2)) (6)
where M= | D, /10| denotes the maximum possi-
ble number of aircraft in the range of D,, which
ensures that PD. (k=m)=P,(k=2).

The arrival of aircraft on L, or L, is a dis-
crete random event. When one aircraft is arriving
at intersection S, if there are m aircraft on L,,
there will be m conflicts happening at the same
time, so the probability that an aircraft on L, at S
exactly conflicts with the aircraft on L, can be ex-
pressed as

M
Py,(n=1) =P, (k=1)+ > m -

m=2

(Pp, (k=m) — P, (k= 2)) D)

During a period of time ¢, there will be n air-

craft on L, which arrive at intersection S, and the

number of horizontal conflicts with aircraft on

segment D, , noted as Fy,, (n), can be calculated
as

Fio.(n) =n« Pp (k> 0) €))

Based on Egs. (4, 8), the relationship of

conflict number and its probability can be ob-

tained as shown in Fig. 2, which reveals the prob-

ability distribution of conflict number under the

condition of t=1 h. According to the definition of

mathematical expectation of discrete random vari-

ables, the conflict frequency F,,, in an hour at the

intersection S can be obtained as follows

Fi, = >3 Fio(n) « P, () (9

n=1
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Fig. 2 Probability density distribution of conflicts

4 Probability of Vertical Conflict

4.1 ROUTE distance and distribution of aircraft
height

Departure aircraft always climb to the crui-
sing level as soon as possible with a gradient of
3% to 10% , while arrival aircraft always descend
with a flight path angle between the optimum de-
scent gradient and maximum descent gradient'*.
The performance of climb and descent in vertical
profile is a very important constraint to aircraft
operation in terminal airspace. However, because
of some random effects, e. g. weather, there is
inevitably some uncertainty for the weight and the
height of an aircraft, as well as flying and air traf-
fic control. Thereinto, height distribution with
different distances from the aerodrome is an es-
sential pre-condition for analyzing vertical conflict
probability. Hence, it is necessary to do some re-
searches on the regular pattern of height distribu-
tion for different positions.

Assume trajectory data generated by all air-
craft in a certain period is T=1{t,, tys ***y t;4 ***>
s Dy s Pm.n()} is

the trajectory data of a departure or arrival air-

t,}» where ;="{pu.1,s P s ***

craft. pq.j indicates the jth track in the ith traj-
ectory, and the track is ranked according to time.
D)= {Im,j) s Vi o Zaip } » where X s Yap and
2. denote the latitude, the longitude and the al-

titude of pg.;, » respectively.
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Track data can describe the moving trajecto-
ry of aircraft in 3D airspace. According to the re-
quirement of studying vertical conflicts, a method
called dimension reduction of trajectory data is
used to reveal the relationship between aircraft
height and distance from aerodrome. In this
method, ROUTE distance of a track is defined as
ROUTE distance of

track p.; is expressed as the horizontal distance

a horizontal distance, 1. e.

of the track away from a certain position of the
aerodrome. For a departure aircraft, ROUTE
distance is the horizontal distance that the aircraft
has flown over from taking off and noted as
Ry, 3 for an arrival aircraft., ROUTE distance
is the horizontal distance that the aircraft need to
get to the touchdown point and is noted as
R..i.j. Thus, the ROUTE distance of track p,.;

can be expressed as follows

n

JRdcpm,j) = E (z¢ — Zajn )+ (Vaip _yu.j—l))z)
i=1

1
lRarr(i,ﬂ = Z (I(L,j) — X, 1>>2 +(y(i.,j) — Vi 1>)2)

j=n

(10)

According to the radar data from 1 092
arrival and departure flights in a certain day in K
airport, the ROUTE distance and their height
shown in

distribution can be obtained as

Figs. 3(a,b).
4.2 RH model based on kernel density estimation

As shown in Fig. 3, at a specified ROUTE
distance (such as R,,,=50 km), height of aircraft
presents a certain type of random distribution.
Assume the height random variable of n arrival
aircraft at a given ROUTE distance as U, Ug_, =
{wys sy =5 u,}; and that of m departure aircraft
as Hy Hig—,={h,s hys ===y h,}.

bility density function of discrete random varia-

Since the proba-

bles U and H is unknown, Kolmogorov-Smirnov
method™" is used to test the distribution of U and
H. and the results indicate that U and H do not
obey normal, negative exponential, Poisson dis-
tribution or else.

Kernel density estimation (KDE) is a non-

parametric test method, which is always used to
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Fig. 3 Relationship between height and ROUTE distance

estimate unknown density function of any distri-
bution. Therefore, KDE method can be used to
estimate the distribution function of U and H in
the questions above.

s %5y 0ty 2, €7, Zis the
discrete height sample recorded by the radar

Assume 2, 25, ***

whose probability density is unknown. Then, the

KDE function can be expressed as follows™

Freo (o) = STKE=Z) (D
uV

nw’ =
where K ( * ) represents a kernel function, w”
the optimized bandwidth, and r a specified
ROUTE distance. Here, Gauss kernel function
as follows is adopted for its good smoothing per-

formance

o

1 -
e
V2r

To optimize the bandwidth of a Gauss Kernel

ol

K1) = 12>

function, Silverman gave a formula by simulation

. 1 )
method"® noted as w* =1. 05¢n 5, where ¢ is
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-

the sample standard deviation. Substitute K (¢)
and w”* into Eq. (11), and the Gauss KDE func-
tion of the height distribution for arrival aircraft

can be rewritten as

n

G )?

fion (v =———Se 0 A3)
2nnw, j=1

Similarly, the Gauss KDE function of the

height distribution for departure aircraft is

m

o Ghvw) ——1 Ve

: 2t mw, j—1
Thus, we can obtain the probability density
function of height distribution for arrival and de-
parture aircraft. As Fig. 4 shows, the thick curve
line represents the probability density function of
height distribution for arrival aircraft at R,, =

50 km, while the thin curve line represents that

for departure aircraft at R,,, =25 km.

1.2

fl.1=50

1.0 8r2s

0.8

Probability / 107
=
A

0 1 2 3 4 5
Height / km

Fig.4 KDE function of aircraft height and calculation

of vertical conflict probability

4.3 Calculation of vertical conflict probability

and its spatial distribution

Assume there are two crossed air routes as
shown in Fig. 1, and that there is an intersection
point S on segment S; S, which is located at R,,, =
r; on an arrival route as well as Ry, =r, on a de-
parture route (7, and r, are specified ROUTE dis-
tance values). Generally, vertical separation min-
imum in air traffic control is 300 m. Hence,
when the height difference of two aircraft is less
than 300 m, vertical conflict occurs.

At the intersection S, height random varia-
ble of arrival aircraft f, is denoted as u, and de-

parture aircraft with height difference relative to

u less than 300 m will conflict with f,. Assume
the probability of u is p,, and the probabilities
that departure aircraft have the height of «—300
and u+300 are p, and p;, respectively. Accord-
ingly, their accumulative probability distributions
are F(«—300) and F(«+300). Thus, the proba-
bility of arrival aircraft f, conflicting with all de-

parture aircraft can be expressed as

puw) = p, J
p1 (F(u—+300) — F(u—300)) (15)

Furthermore, the probability of the vertical

w300

e, (howy)dh =

u—300

conflict between arrival traffic flow and departure

traffic flow can be expressed as

"ut-300

~bh
Pou(rar) :J Fror (u,wl)duJ g, (hvw,)dh

300
(16>
where u € [a,b].

From Eq. (16), it can be known that vertical
conflict probability near intersection point is a
function of ROUTE distance of the relevant
crossed routes. The vertical conflict probabilities
and their distribution at different positions consti-
tuted by different Ry, and R,, combinations are
shown in Fig. 5. For example, for intersection S,
R4, =50 km and R,,,=65 km, then the probabili-
ty of vertical conflict P, (R,. =65, Ry, = 50)
equals 0. 263 5.

From Fig. 5, it is found that vertical conflict
probability is large when Ry, and R, is approxi-
mately equal, while that it will be relatively smal-
ler when R,, and R,. differ greatly. This indi-
cates that in intersected route design, vertical
conflict risk can be reduced by changing departure

ROUTE distance or arrival ROUTE distance at

—
(=]

o

Vertical conflict probability
(=1
oo W

50
R/ by

Distribution of vertical conflict probability

100 100 R

Fig. 5
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intersection S.

Specifically, in intersected route design, if
VCP at intersection S is too large, it can be re-
duced by changing the ROUTE distance in two
aspects: (1) The location of the intersection S;
(2) A trial of diversification of arrival or depar-
ture route if VCP cannot be reduced by changing
the geographical location of S for navigation con-
sideration, or it cannot be reduced evidently by
only moving the location of S.

It is worth pointing out that VCP can also be
used in the situation between any two points in
airspace. Assume that there are two points O,
and O, in a horizontal conflict zone, and O, is a
point on arrival route with ROUTE distance R, »
and O, is another point on departure route with
ROUTE distance Ry,. Then, the probability of
one aircraft at O; conflicting vertically with an-
other aircraft at O, can be described as P.. (R,.,
Ruy).

4.4 Calculation of vertical conflict probability in

conflict zone

When calculating the VCP near intersection
S, not only the vertical conflicts at S, but also
the vertical conflicts near S should be considered.
Usually, if one aircraft is flying out of the conflict
zone of intersection S, horizontal conflicts are im-
possible to occur, so only the situation that air-
craft are operating in conflict zone should be con-
sidered when calculating VCP. Moreover, if there
are two aircraft operating along S, S, and E| E, re-
spectively, the probability that the horizontal dis-
tance is more than the separation minimum also
exists, and thus the VCP of these locations
should not be considered either.

As shown in Fig. 6, in the conflict zone, two
aircraft on different routes may maintain a status
of continuous conflict, or the conflict may only
occur in some period of the whole flight. Once a
conflict occurs, safety risk is generated subse-
quently. Assuming there are several spatial dis-
crete locations in the horizontal conflict zone, and
that the maximum value of their VCP means the

real extent of the possible vertical conflict in the

overall conflict zone, then the maximum VCP can
be used to represent the overall VCP in the whole

conflict zone.

E, e,

Fig. 6 Discretion of conflict area

In Fig. 6, S, S, and E, E; are divided into dis-
crete segments according to a certain distance
AL;. The discrete points on S; S, are s;, sy, ***»
sn» and the discrete points on E,\E, are e;, e,
-, e,. Assume there are two discrete points s,
and ¢;, and that their ROUTE distance are ex-
pressed as r,, (i) and ry, (j) respectively. Then,
the probability of arrival aircraft f, at e¢; conflict-
ing vertically with departure aircraft fy at s; can
be described as P (7. (i) s 14, (j)). Calculating
the VCP of all point pairs consisting of discrete
points on S; S, and E| E, one by one, we can find
the maximum value to express P...(S) of conflict

zone generated at intersection S, as described be-

low
P (S) = max{max[ Puo (ron (i) s ray G )
i=1 =1
__ Dl
m= ‘ N an
n ALz

5 Example Analysis

Aerodrome K is an international civil aviation
airport in China. For runway-in-use 27, with the
runway center as the origin of coordinates, there
are a standard arrival route A0l and a standard
departure route D01 which intersect at location S
(10 km, 15 km), as shown in Fig. 7(a). The air-
craft arrival rate on AO1 is described as A;, and

X1 =12 fight/h with the average velocity of V|, =
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300 km/h. The aircraft departure rate on DO1 is
described as A, . and A, =15 fight/h with the aver-
age velocity of V, =330 km/h. The height distri-
bution data of aircraft operating on aerodrome K
is shown in Figs. 3 (a, b). According to the
scheme in Fig. 7 (a), on intersection S, R, =
45 km and Ry, =25 km.

(1) Table 1 gives the horizontal conflict fre-
quency and vertical conflict probability of design
scheme 1. Set the discrete interval as AL=1 km,
and then according to Eq. (16), the VCP distribu-
tion of the conflict zone can be illustrated as Fig. 7
(b). The conflict probability of intersection S is
0. 354 8 by Eq. (17). The position of maximum

vertical conflict probability is not at intersection
S, but at the location of Ry, =22 km and R,., =
37 km. According to Eq. (2), the conflict fre-
quency of S is 3. 78 time/h.

(2) According to the methods of improving
design of intersected routes in Section 4. 3, design
schemes 2 and 3 are proposed, as shown in Table
1 and Fig. 8 (a). In scheme 2, R, is increased
while Ry, is reduced, so that the departure route
will pass through the arrival route beneath the in-
tersection point. Since the inherent climb rate is
usually larger than the descent rate of arrival air-
craft, serious vertical overlapping still exists with

the VCP of 0. 292 1, and the improved outcome is

Table 1 Conflicts between different design schemes of intersected routes

Horizontal conflict

Intersection point

Maximum vertical

Design conflict probability
: parameter F.
scheme Position/km P Position/km P
Di/km  o/()  Fy, B y Rn R " R. Ry
1 23.09 45 10. 56 —10 15 45 25 0.288 1 37 22 0.354 8 3.78
2 20. 00 90 6. 81 —15 15 65 20 0.030 6 48 27 0.2921 1.99
3 28.28 60 8.31 10 15 35 65 0.003 5 49 51 0.1128 0.94
40 > Maximum vertical conflict probability point
= 04 J/
]
30 r S 03
Departure route g "
§ 20 N Arrival route '7-28 )
~ 7, % 0.1
s £
10 | > s 0.0
2 ~ 35
Ay Runway 40
\ L A ) @ 45
S — % - 35
-20 -10 0 10 20 30 % 50 25
x/km R,/ km
(a) Horizontal view (b) Conflict area and calculation of VCP
Fig. 7 Original design of arrival and departure routes and its VCP distribution
50
— Improved scheme 1
40 b~ = - Improved scheme 2 0.20 Maximum vertical conflict probability point
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Fig. 8 Improved design schemes
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not obvious. In scheme 3, R, is shortened while
R, is lengthened, and the departure route will go
through the intersection S above arrival route. As
a result, VCP is reduced to 0.112 8, and the im-
provement is distinct relatively. As shown in
Fig. 8(b), the area with higher VCP just takes a
small part of the whole conflict zone, whereas
most of the conflict probabilities are lower than

0. 05.

6 Conclusions

The overall conflict level of intersected
routes is a very important factor that affects the
safety and efficiency of air traffic operation in ter-
minal airspace. Based on the consideration of hor-
izontal conflict frequency of intersected routes, a
vertical conflict probability model is studied, and
a calculation method of vertical conflict probabili-
ty based on KDE is proposed for the reason that
aircraft height distribution does not obey the
usual probability density distribution with a given
ROUTE distance. According to our method, the
estimation of conflict frequency between the in-
tersected air routes is closer to that of the real air

traffic operation.
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