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Abstract. The intersections in the terminal airspace is an potential factor to
cause flight conflicts. The possibility of conflict can be reflected directly from air
controller intervention degree. Analyzing the controller intervention degree of
intersection is a precise and efficient method to locate airspace congestion
location in terminal airspace. After analyzing the historical data, improved
density clustering method is used to determine the distribution of intersections in
terminal airspace. The method of assessing the controller intervention degree is
put forward through the statistics on the changes of the flight elements within
certain time and range. The experimental results show that this method can
obtain the distribution of conflict and controller pressure points in the terminal
area, and is quite consistent with reality. The method can provide fast and
accurate optimization basis and improvement direction for the airspace planning
work.
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1 Introduction

Intersection is an important factor increasing workload for controllers, especially in
terminal airspace. Controller intervention degree demonstrate the potential conflicts and
complexity of airspace which illustrate the workload of air traffic controller directly.
Assessment of controller intervention degree is a good method to understand the
complexity of local airspace and distribution of congestion points. Currently, the goal
of intervention degree assessment is to evaluate the air traffic controller workload.
Simulation and modelling are the common used methods. However, those methods are
time consuming and simulation software is expensive. This paper introduces a method
to evaluate the controller intervention degree on the basis of analyzing the history flight
data. According to controller experience in terminal airspace, the direct result of
controller intervention is the changes of flight elements (heading, speed, altitude).
Surveillance data is collected and analyzed by adopting improved density clustering to
dig out the intersections with the help of improved density-based clustering algorithm,
the controller intervention degree of intersection is evaluated by detecting the changes
of flight elements.
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2 Determination of Intersection Distribution Based
on Improved Density-Based Clustering

2.1 Problem Description and Introduction of Improved Density-Based
Clustering

The basis for aircraft operating in terminal airspace is the flight procedure. However,
deviation happens in actual flight because of the conflict resolution. So, the history
flight data is mess, huge and uneven density. Some method should be used to identify
prevailing traffic flow to obtain the location of intersections. Density clustering algo-
rithm is the ideal way to obtain the prevailing flow and deal with data sample with
arbitrary shape. So, we improved the algorithm and used it to get the location of
intersections in this paper.

In order to enhance the efficiency of algorithm, improved density clustering algo-
rithms emerged. Among them, shared nearest neighbor clustering algorithm(SNN) is
not susceptible to input parameters, but is suitable to use on uniform density data set.
As for this problem, improved SNN clustering algorithm is proposed in this paper.
Firstly, sub-cluster of each point is generated and the density of each point is calcu-
lated. Then, with the help of optimal two-partition method, an density array of the
whole data set is sequenced by grouping data with similar density into same category.
Each sub-cluster is assigned a density category tag which demonstrate. Finally, SNN
algorithm is used in sub dataset with same category tag to generate the average
trajectory.

As air traffic surveillance data is used for experiment, one trajectory is composed
with many points, each point can be expressed with a vector pi = [x, ¥,z v, o, 1, £,], X, ¥
is the latitude and longitude of point p;, z is the altitude, v is ground speed, wis the
heading, ¢ is the collecting time of p;, ¢, is the trajectory number of which pi belongs to.

2.2 Generation of Sub-clusters

Sub-cluster is a set [R] of data points that have a certain similarity relation with a
certain data point. Traffic flow is a dataset of points with certain density and direction.
So, the sub cluster is defined as a dataset with distance between points is within the
certain scope. The similarity of trajectory points is evaluated with Euclidean distance.

Define sub-cluster of pi(C(p;)) as the data set contains points with distance to pi is
less than r:

Clpi) = {Pj

Vo5 - <ri<i<nf (1

Where p;, p; are trajectory points, x;, y; is the coordinates of p;, x;, y; is the coor-
dinates of p;, n is the number of points.

In order to reduce the amount of computation and improve the efficiency of
algorithm, the search space could be limited to calculate the distance between points.
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Trajectory point vector contains the latitude, longitude and heading, so the research
space could be limited in a neighborhood U(p;) of the point.
Lx cosa Lx COSa
X; — ERESE) <y < (x; B
U(pl) = {p/ S S’ (yl _(le smlalz%lclosaz)) <)€<((xl, 4 Lxlcl:(lilatlx sinot) } (2)
Where, S is the trajectory points set, L is the limited scope of neighborhood, which
can be determined by the aircraft speed limit and data collection frequency in the
terminal area. Under the condition where r is determined, we use L = r.

2.2.1 Density Distribution Array Generation

The sub-clusters are constructed from each data point in the dataset and the density of
the sub-clusters is analyzed. For the data points with the same radius r, the number of
track points is larger, indicating that the local density of the sub-clusters is larger. On
the contrary, if the number of track points of sub-clusters is similar, their density should
be basically the same.

Define the sub-cluster tag: Each sub-cluster contains a certain number of data
points, recorded as d,,;. According to the magnitude of d,,,, sub-cluster are divided into
s categories (s € Z* ). For a given category S,, set its density tag as Cat,(1 < g < s).
For any given sub-cluster Cs(p;)(1 < i < n) and category S,, where the number of
data points contained in Cs(p;) is d,;, the density of sub-cluster Cs(p;) marked as Cat,.

All the sub-clusters is classified into density distribution array C,, which deter-
mines the density distribution of the whole data set. It is large possibility to cluster the
points with similar density to same cluster. Sub-clusters with similar density are
classified as same category of density distribution. How to measure the similarity of the
sub-clusters density is a problem to be considered in clustering. the number of cate-
gories is small, the density distribution may be assessed incompletely, and the number
of categories is too big, the density distribution is too fragmented and the clustering
efficiency is low. The optimal two-partition method is used to divide the sub-clusters
into appropriate number of categories. First of all, sub-clusters are sequenced by dp,.
The optimal two-partition is to subdivide the sub-clusters according to d,, into two
parts at once. The minimum total variance is target for each division, and the parti-
tioning is carried out several times. Minimum number of categories is corresponding to
overall variance mapping inflection point with the minimum total variance as target is
determined (Fig. 1).
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Fig. 1. Density array generation based on the optimal two-division method
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At the beginning of division, the overall variance decreases fast. After reaching to a
certain extent, the trend of reducing the overall variance is getting smaller and smaller.
When the number of partitions is the same as the number of sub-clusters, the overall
variance is zero. According to this law, the reflection point of the function of the
category number and overall variance can be determined, and the reflection point is the
optimal division.

2.2.2  Clustering of Sub-clustering with Same Density Tag
After marking each sub-cluster the density tag, we can cluster the sub-clusters with
similar density using SNN algorithm to get the average trajectory. Sub-clusters with
sparse points may be clustered into a large class without considering the direction,
which does not happen in reality. So the same density category sub-clusters can be
clustered according to direction into several clusters, because it is easy to separate
different direction of traffic flows.

Assume ARR[/] is the sub-cluster set with density category is i, ARR[:].P[}] is the
center of sub-cluster j with density category is i. The algorithm is as follows:

e Stepl: judge whether ARR[:] is empty, if true, clustering ends, otherwise turn to
Step2;

e Step2: judge whether any cluster set with same density tag is empty, if empty, i = i
+1, turn to stepl, otherwise turn to step3;

e Step3: randomly select the sub-cluster with same density tag, insert the point whose
distance with centre point ARR[:].P[/] is less than 1’ to the pre-alignment queue Q,
and mark the point. If marked number is O, turn to step2, a new class is produced,
otherwise turn to step4;

e Step4: judge whether Q is empty, if empty, j = j + I, turn to Step2, otherwise get a
point(marked as #p) from Q, labelled class tag, turn to step3;

e Step5: judge whether the density of #p is equal to ARR[i].Cat or ARR[i + [].Cat, if
true, add the points in sub-cluster of tp into Q, and delete 7p from Q, turn to Step2;
otherwise, delete #p from Q and unmark the #p, turn to step2.

Where, r' should be greater than the original r used in calculation of sub-cluster.
When the density is relatively larger, r' does not work, the point number in a cluster
with same density tag is decided by 7' only the density is small.

3 Locate Intersections

The directional trajectory flow is formed after adopting the above algorithm. In order to
determine the location of intersection, average trajectory should be generated based on
the outcome the clustering. Along the direction of trajectory flow, the trajectory flow is
divided into several equal length segment as a step d. The division method is: starting
from a point fp, closest to the runway reference point, determine the center point of the
segment where fp, belongs to, and calculate the mean value of track angle A. Then, a
division line is generated through the center point, the equation of division line is:
F4(x) = kx+ b, where the slope k is the tangent of the angle between the vertical
direction of A and the X axis (Fig. 2).
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Fig. 2. The average trajectory generation method

As there are two flight status in terminal airspace, straight and turning flight. Track
angle adjustment is greater than 15° is recognized as turn. For straight flight trajectory,
the average trajectory is not effected by the step size d. However, as for turn, larger
d will cause trajectory with sharp turn, this is quite different with actual flight, and the
accurate of further analysis will be effected. So, the step size is effected by turn rate and
bank angle.

Assume lv is speed limitation, o is bank angle, determine d as:

(032112 tan 15°)
T tan o

d= (3)
In order to solve conflict in terminal airspace, the speed of aircraft is limited by
ATC, so the speed difference of aircraft is limited, fixed value of v is appropriate in this
paper.
Points between two division lines is a segment flow, all points in each segment flow
project to initial division line. Projection points defined as [x,;, y,i| = prjra(xi,y;), so
the scope of projection points is determined: [(X,;,Ypi), (xpr, ypr)], the center point

W,W} is chosen as the average trajectory point in current segment. An

average trajectory of a trajectory class is generated by connecting each average points
by sequence. So, the intersections are determined.

4 Assessment of Controller Intervention Degree
on Intersection

Climbing and descending are the prominent status in terminal airspace. In order to
solve the conflicts, intervention instruction is issued before aircraft approaching to
intersections, so the flight elements change happen in a scope outside of intersection. In
this paper, controller intervention degree is assessed through calculating the statistical
probability of each flight elements in certain scope of intersection.
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According to standard separation minima in terminal airspace under radar control
condition:

(1) wvertical separation minima Sep, = 300 m,
(2) lateral separation minima Sep;,; = 6000 m.

There are two traffic scenarios if there is conflict in certain scope of intersection.

(1) Two aircraft A and B from two different traffic flows converge to P (Fig. 3(a)).
Under this circumstance, controller will justify the possibility of conflict in
advance. Considering worst circumstance, aircraft B has reached at P, but aircraft
A still maintains original flight state. When aircraft A enters into the area where the
protection areas of two aircraft are overlapped, conflict happens.

(a) (b)

a

Fig. 3. (a) Scenario of convergence of flight (b) scenario of crossing after passing

(2) Two aircraft A and B crossing after passing intersection P (Fig. 3(b)). Still con-
sider worst circumstance, aircraft B has reached to P, aircraft A still maintain
original flight state. So the aircraft A is still in the area where the protection areas
are overlapped, conflict still exists.

So, the neighborhood of P is defined as the scope of assessment of controller
intervention degree.

(x_xp)z_’_(y_YP)z_’_(Z—Zp)zzl} (4)

S€Plar S€Plar Sepy

SP = {(x7y7Z)EA

Where x,,, ¥, z,, is the coordinate and altitude of intersection P.

4.1 Assessment of Controller Intervention Degree

The change of flight elements indicates the happen of controller intervention, then
define P, as intervention degree:

S 1 (po) lfa () fy ()]
pe== (5)

n
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Where, n is the number of trajectory points in certain scope of intersection, p; is the
i-th trajectory points.

Falpr) = 1 Altitude change is true
AU 00 Altitude change is false

Fulp) = 1 Heading change is true
H\P™ 10 Heading change is false

~

Filps) = 1 Speed change is true
VW10 Speed  change is  false

The statistical methods for the change of flight elements are described below.

4.2 Statistical Probability for the Change of Flight Elements

Constructing Cartesian Coordinate System in Spatial Range of airspace, take neigh-
borhood ¢ (Eq. (4)) as the conflicts statistics scope of an intersection, we call it as
overlap area.

As the civil aircraft has certain stability, flight elements do not change immediately
after maneuvering instruction. And in actual flight, the aircraft is often affected by the
air flow which will cause slight disturbance. So in order to accurately detect the change
of flight elements, the status change time should be analyzed.

According to the maneuvering delay time from ICAO PANs-OPS, in arrival flight
segment, pilot reaction delay is 0-6 s, operating delay is 0-5 s. In departure segment,
pilot reaction delay is 0-3 s, operating delay is 0-3 s. the data is relatively conser-
vative, and autopilot is the main method in actual flight. So, 4 s flight reaction delay
and 5 s maneuvering delay are adopted in this paper as the basis for detect the changes
of flight elements.

4.2.1 Detection of Altitude Change
Points appearing in the overlap area are extracted by the flight number and stored
separately. Each point sequenced according to time. Take ¢ = 3 as change judgment
step size. Assume ¢/ is the earliest time enter into the overlap area, ¢2 is the latest time
enter into the overlap area. Assume A(?') is the point altitude at time ¢'.

Check each flight points from ¢/ to #2:

(1) when A(#) #A(f+nt)-(n=1,2,3...... ), let £, = t; +nt, keep checking,
until A(f, +nt) = Aft, + (n+ 1)1], then letr, = 1, +nt, or

(2) when A(#) =A(n+nt).(n=1,2,3...... ), let £, =1, +nt, keep checking,
until A(f, +nt) # Alt, + (n+1)1], then let , = £, +nt.

If t’2 —tl < 6s, the altitude change is neglected; if t’2 — t’1 < 6s, calculate the
inequality (6).
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1000
60 x (t, —1; —9)

Alty) = A(1y) > (6)

If the inequality is true, altitude change happened in specific time period, and
fa(pi) = 1fa(p;) otherwise f4(p;) = 0.

4.2.2 Detection of Heading Change

Assume point i(x;y;) is the earliest point where certain flight enter into the overlap area,
point j(x;y;) is the location of point of the flight. Great circle of track angle (o) is
calculated:

cot o = cos(x;) tan(x;) csc(y; — yi) — sin(x;)cot(y; — y;) (7)

Check each flight points from ¢I1tor2. When o(f) # a(f +nt).(n =1,
2,3...... )BT, let #; = #; +nt. keep checking, until o(f, +nt) = aff, + (n+ 1)1)], then
let t'2 = t’l +nt. If t’2 — t’l < 6s, the change is neglected; if t’2 — z"1 > 6s, calculate the
inequality (8).

[o(13) = 2(1,)] > 3 x (1 — 1; = 9) (8)

If the inequality is true, heading change happened in specific time period, and
Sfu(p:) = 1fa(p;) otherwise fy(p;) = 0.

4.2.3 Detection of Speed Change

In actual flight, flight speed is generally adjusted for every 10 knots, however, con-
sidering the change of airflow, speed of change may not be an integer multiple of 10.
Troposphere is the main area for operation of aircraft, and the average speed of wind is
12.2 m/s ~ 2knot, so we consider 8 knots as the change of speed.

Assume C(t/) is the speed of point at time t . Check each flight points from #1 to 72,
when speed of aircraft C(7;) # C(¢; +nt) (n =1,2,3...... ), let 1, = t; +nt. Keep
checking untile C(f, +nt) = C[f; + (n+1)1)], then let #, =z, +nt. Calculate the
inequality (9).

Clr) = C(f,) <8 ©)
If the inequality is true, speed change happened in specific time period, and
fo(pi) = Lfa(p;), otherwise f,(p;) = 0.
5 Experimental Evaluation
In order to verify the evaluation method, 24 h ADS-B surveillance data of Tianjin

airport is used to assess the controller intervention degree. Data collection step is
3 min, coordinates of trajectory points is correspond to the WGS-84 system.
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5.1 Generation of Density Distribution Array

Sub-cluster of each trajectory point should be generated, before that the radius r of
density distribution is determined. The size of the radius r affects the speed and the
result of clustering. In some literatures, the k neighborhood algorithm is used to
generate the distance d; from the k-nearest neighborhood for each points, the r is the
average of all d;. However, large amount of data is used for analysis, and whether or not
ris appropriate depends on the value of k. so as to improve it, 7 is determined according
to speed limitation and data collection frequency in this paper. Assume the speed
limitation is V., ? is the step size of data collection, r is determined as: r = Vi X 1.

If ¢ is too small, it is difficult to identify the isolated point. On the contrary, if ¢ is too
large, it is unfavorable for further clustering. In this case, we use ¢ = 55 to generate
sub-cluster for each point. Trajectory points are sorted by dps; of sub-cluster for each
point. In Tianjin airport, maximum IAS is 210kt, so we use r = 540 m to generate
sub-cluster. The optimal two-division method described in 2.2 is used to category each
point. The relationship between number of segments and total variance is showed in
Fig. 4.
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Fig. 4. Relationship between number of partition and variance

In Fig. 4, we can clearly see that the inflection point of total variance corresponds
to number of segments is 11. Tag each point according to division result. In this
experiment, number of elements contained in sub-cluster of each point evenly dis-
tributed from O to 1089. Because the existence of error happens in ADS-B data col-
lection and analysis, noisy data should be deleted to prevent the effect to the outcome.
So, points with small number (0—10) contained in sub-cluster is deleted as noise. The
final segment number is 7, the density tag is 1-7, 7 means highest density.
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5.2 Intersection Determination

Maximum IAS is 210kt, Iv = 390, bank angle oo = 15 is used to generate the average
trajectory. The average trajectory is showed in Fig. 5. Where, blue represents depar-
ture, red represents arrival. P1, P2, P3 and P4 are determined intersections.

Fig. 5. Average trajectory and intersection distribution (Color figure online)

5.3 Result of Controller Intervention Assessment

The controller intervention assessment result is illustrated in Table 1.

Table 1. Statistics of cross point navigation elements changes and result of intervention degree

Intersection | Phase No. of | No. of No. of | No. of Controller Inter Phase No. of | No. of No. of | No. of Controller
points | altitude | speed heading | intervention | section points altitude | speed heading | intervention
change change | change degree change change | change degree

P4 Arrival 56 2 6 5 11.24% P3 Arrival 35 5 7 1 31.47%
Departure | 155 1 1 10 Departure 65 3 2 15
Total 211 2 7 15 Total 100 8 9 16

P2 Arrival 141 5 9 17 13.67% P1 Arrival 77 1 3 1 10.34%
Departure | 201 3 1 14 Departure 37 4 1 3
Total 342 8 10 31 Total 114 5 4 4

It can be seen from Fig. 5, P2 and P3 is closer than with other intersections, and the
distance along same track is less than lateral minima. So, to aircraft with same flight
path, enter into the overlap area of P2 also effect the aircraft around P3. However, it is
impossible to know from historical data whether p2 or p3 is it’s conflict point. And the
time when it enter into the overlap area of is also unknown. In this paper, we consider a
point between two intersections as the equivalent intersection, so that the intervention
degree of the new intersection P23 is approximately equal to the average intervention
degree of P2 and P3. Overlap area of P23 will be equivalent to the overlap area of P2
and P3 for aircraft with P2 or P3 as the direct collision point. This can be as a control
reference in actual work of controller. The location of P23 can be located: because P2
and P3 are on the same path, so according to the intervention degree of P2 and P3, the
location of P23 is on the proportional position of intervention degree of P2 and P3.
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5.4 Result Analysis

In experimental airports, due to airspace restrictions, nearly 70% traffic concentrate in
the west of airport, and much intervention is needed to solve the conflict, so the
intervention degree is larger. The result (Table 1) shows consistency with actual
operation. P2 and P3 are conflict points of departure and arrival, intervention degree of
P3 is larger because from P3 the departure path divided into two branches, and both of
them have potential conflict with arrival flight on the following flight (P1 and P2). And
this is the reason for smaller intervention degree of P1 and P2. P4 is close to runway,
the altitude of departure aircraft is low, and the arrival aircraft is high, vertical sepa-
ration is guaranteed automatically, so the intervention degree is small.

As the analysis above, P3 cause large workload for controller, this can be as a
reference to airspace redesign.

6 Conclusion

In this paper, we have proposed a method to evaluate the controller intervention degree
through analysing the historic surveillance data. Because the amount of data used is
large, so improved density based clustering algorithm is adopted to generate the
average flight trajectory. Here, trajectory clustering is divided into two steps. Because
the density of flight data is uneven, the efficiency and accuracy of clustering will be
effected seriously. So, sub-clusters are generated first to understand the overall density
distribution of data sample, and sub-clusters are divided into several categories
according to density. Optimal two- partition method is used to determine the number of
categories. Sub-clusters with similar density is marked with same density tag and put
into same category. Then, SNN algorithm is used to cluster sub-clusters with same
density tag to generate average trajectory. The intersection of trajectory is the potential
conflicts point which is used for controller intervention degree calculation. Controller
intervention degree is defined as statistical probability of change of flight elements. So,
for the purpose of statistic, the scope of intervention area is analysed and the detection
method of flight elements changes is proposed. Finally, surveillance data of an airport is
used to verify the method. The experimental results show that this method can obtain
the distribution of conflict and controller pressure points in the terminal area, and the
result is quite consistent with reality. The controller intervention degree can be used as
a reference for further airspace designation.
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