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Symbols

T (mean) Track matrix

W Similarity matrix

X Vector of position data

V.o geovector

a Horizontal airway cross section
B Along-track separation

b Vertical airway cross section

C Conflict rate
c Number of principal components

Horizontal aircraft dimension

h Altitude

i, ] Flow/cluster number

M Number of flows

N Number of aircraft

n Vector length

N, Number of conflicts

D (Conflict) probability

R Traffic replications

R? Coefficient of determination

Ry Distance from the origin

S Separation requirement

S Vertical aircraft dimension

Sh Horizontal separation requirement, usually 3 nm or 5 nm
Sy Vertical separation requirement, usually 1000 ft

T Duration

t Look-ahead time

Tiog  Simulation logging time
Tserr1e Simulation settling time

\%4 Velocity (groundspeed, unless otherwise specified)

Nomenclature



Nomenclature

Vin Relative horizontal velocity
Vs Vertical speed
w Critical standard deviation for clustering
T,y Position coordinates
Greek symbols
Q@ Angle between (flows of) aircraft
Heading angle
Arrival rate of aircraft; Poisson parameter
Critical mean for clustering
Bearing angle
o Scale parameter of the Gaussian similarity kernel
Abbreviations
ACAS Airborne Collision Avoidance System
AIP  Aeronautical Information Package
ATC  Air Traffic Control
ATCo Air Traffic Controller
CAMDA Capacity Assessment Method for Decentralized ATC
IAF Initial Approach Fix
IFR Instrument Flight Rules
v Independent Variable
nm Nautical mile
PCA Principal Components Analysis
TCAS Traffic Collision Avoidance System

TMA  Terminal Maneuvering Area
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Applicability of conflict rate models for analytical
capacity prediction in the terminal airspace

Author: S.E.C. Voorhoeve
Supervisors: J.M. Hoekstra, J. Ellerbroek

Abstract—The applicability of conflict rate models to con-
trolled, structured, terminal airspace is investigated. A collision
rate model is adapted to conflicts between flows of aircraft,
and its validity is empirically confirmed. Conflicts are divided
into between-flow conflicts and within-flow conflicts. Applicability
to a terminal airspace without strictly adhered-to procedural
routes is investigated by clustering logged mode S-surveillance
data into flows using a self-tuning spectral clustering method.
This clustering method can effectively partition flight tracks into
clusters, but is sensitive to the stop conditions, and unclusterable
flight tracks make up a small but significant proportion of
conflicts. The predictions of the conflict rate model correlate with
observed conflict rates in a replay simulation, but are initially
biased towards underpredicting the conflict rates. Altering the
timing, intensity and separation requirements for the replay
greatly reduces this bias for converging flows, but leads to
an overprediction of other conflict types, and altered replay
results should be interpreted with care. Analytical predictions for
between-flow conflicts can be made, but applicability to within-
flow conflicts is limited due to the different types of interactions.
The resulting conflict rate model explicitly defines the relation
between separation requirements, relative velocities, and flow
intensities.

1. INTRODUCTION

The demand for air traffic generally increases steadily.
For The Netherlands’ largest airport, Schiphol, the previously
agreed upon limit of 500.000 movements a year is reached
in 2018 [1]. For safety reasons, regulators have set a min-
imum separation between aircraft, depending on flight type
and airspace classification [2]. In the airspace around major
airports, Air Traffic Control (ATC) is responsible for ensuring
these separation minima, while at the same time promoting
throughput of aircraft. Separation ensurance is in part achieved
by limiting the number of aircraft that can enter the airspace,
known as Air Traffic Flow Management (before aircraft depart,
they can be held to ensure that once they enter a certain
airspace, that airspace is not over its maximum capacity).

Aircraft that get too close to each other need to be separated,
and the rate at which this happens depends on the traffic
properties. Airspace capacity is not only affected by the
number of aircraft at a given time (traffic density), but also
by the way in which aircraft interact (traffic complexity). A
measure for the capacity is the number of conflicts (predicted
close encounters between aircraft that require mitigation).
The number of conflicts can be experimentally determined in
fast-time simulations, but this gives little to no information
about the underlying mechanisms that cause conflicts to oc-
cur. Understanding analytically how traffic density and traffic
complexity influence the number of conflicts is helpful in

the airspace design process as well as in flow planning. An
analytical model can not only identify high-conflict traffic, but
also indicate what properties of that traffic are the cause of
the high conflict counts (or conflict rate) for different airspace
concepts and airspace designs.

A first distinction is made between unstructured and struc-
tured airspace. In unstructured airspace, traffic uses direct
routing, i.e. traffic can have an origin and destination anywhere
in the airspace. Traffic properties, particularly headings, are
independent of horizontal position (though different layers
of traffic may have different traffic property distributions).
In structured airspace, especially in the terminal airspace
(Terminal Maneuvering Area, TMA), structured flows exist.
Arriving traffic enters the airspace at a limited number of fixed
points, Initial Approach Fixes (or IAF), heading towards the
airport. Departing traffic heads to a limited set of fixed points,
where they enter an airway. This leads to a concentration
of traffic and similar traffic properties along these arrival
and departure routes, such that traffic properties are largely
dependent on (horizontal) position.

A second distinction is made between decentralized and
centralized ATC. In decentralized ATC, aircraft are responsible
for ensuring their own separation to other traffic, whereas
in centralized ATC, such as in the TMA, separation is the
responsibility of a central Air Traffic Controller (ATCo).

For unstructured airspace concepts with decentralized ATC,
Sunil developed a Capacity Assessment Method for Decen-
tralized ATC (CAMDA) [3], using conflict count models.
CAMDA cannot be applied to structured, controlled airspace
cooncepts, as the assumptions on uniformity in heading dif-
ferences [4] that are made for the conflict count model in
unstructured concepts are not satisfied. The goal of the current
research is to determine the applicability of conflict count
models to centralized, structured airspace concepts by using
a separate conflict count model, based on an airway collision
model [5]. Next, an identification of traffic concentrations is
required. Though departing traffic generally follows published
procedural routes, this is not always the case for arriving
traffic at busy airports such as Schiphol. In fact, the instrument
approach charts state that navigation “is primarily based on
radar vectors provided by ATC”, and that “execution of the
complete procedure” is (only) in case of a communication
failure!. Therefore, in the current research, logged mode S

See e.g. AD 2.EHAM-IAC-18R.1 in the Dutch Aeronautical Informa-
tion Package.



flight track data (surveillance messages containing position,
altitude, and under some conditions also other data such as
velocity and heading) of real traffic [6] is employed. The
dimensionality of the data is reduced by applying a spectral
clustering algorithm [7] to aggregate several hundreds of
individual logged flight tracks to several tens of flows of
similar flight tracks. Subsequently, the interactions between
(and within) these flows can be predicted using analytical
conflict count models. However, analytical conflict counts may
not match actual conflict counts of real traffic, since air traffic
controllers will have performed actions to avoid or resolve
conflicts. Several options on how to remove these deconflictive
effects are proposed and qualitatively compared.

The structure of this paper is as follows. Section II in-
troduces the background and main concepts. Section III de-
scribes the acquisition of logged flight track data and the
clustering methodology. Section IV discusses how to extend
a collision rate model to conflict rates and the experiments
used to validate this model for conflict counts. In section V,
this model is applied to clustered flight track data for flow
conflict prediction. The results of the clustering and flow
conflict prediction experiments are presented in section VI and
discussed in section VII. Finally, the paper is concluded in
section VIIL

II. BACKGROUND

A. Collisions, intrusions and conflicts

When two aircraft would make physical contact, a collission
takes place, which is obviously undesirable. Collisions are
meant to be avoided by ensuring a certain minimum separation
distance. Generally, in the terminal airspace, this means that
the difference in altitude is at least S, = 1000 ft, or that
the lateral distance is at least S;, = 3 nautical mile (nm).
When an aircraft is laterally closer than 3 nm with a vertical
separation of less than 1000 ft to another aircraft, an intrusion,
or loss of separation, occurs (Fig. 1a). When such a loss of
separation is not yet the case but is expected in the near future
(between a time ¢ and a look-ahead time t;), a conflict is said to
occur (Fig. 1b) and (in centralized ATC airspace) ATC needs
to intervene to avoid a conflict from evolving into a loss of
separation. Commercial passenger aircraft are also equipped
with a collision avoidance system (ACAS/TCAS) for when
air traffic control would fail to ensure separation, giving a
Traffic Advisory and possibly a Resolution Advisory (alerting
the pilots to an imminent close encounter and, depending on
the circumstances, recommending an evasive maneuver).

It should be noted that conflicts are inevitable, especially for
longer look-ahead times, and no cause for grave concern as
long as ATC can avoid conflicts from evolving into intrusions
by taking action to deconflict these aircraft. However, taking
such action requires resources from the ATCo, and the number
of conflicts is directly related their workload and as such a
measure for airspace capacity. This is the reasoning behind
the current research, focusing on conflicts in airspace with
centralized ATC. Note that even in a system with decentralized

ATC, an airspace with a lower number of conflicts is inherently
safer, as there are less potential intrusions or collisions.

x

25,
>

Fig. 1. Intrusions (left) and conflicts (right). Figures taken from from [3].

B. Modelling conflicts

The number of (instantaneous) conflicts IV inst in @ volume
of airspace can be modelled by the total number of possible
combinations of aircraft Ny inet in that airspace, times the
average conflict probability between any two aircraft:

Nac,ins
Nc,inst = ( 2 t) p (l)

In general, the conflict probability p should be considered
in three dimensions: p = ps4. However, consider a terminal
airspace close to an airport under the following assumptions:

(1) the routes that arriving aircraft and departing aircraft take
are sufficiently separated, so that no conflict between
arriving and departing aircraft will occur,

(i1) all arriving aircraft have a similar altitude profile and

speed, and

all departing aircraft have a similar altitude profile and

speed.

(iii)

The altitude profiles of arriving and departing traffic differ
not only in sign, but also in magnitude (departing traffic climbs
faster than arriving traffic descends); additionally, the fact
that aircraft usually take-off and land against the wind means
that close to the ground, departing traffic will be upwind,
and arriving traffic downwind, with respect to the airport.
Combined, this means that even when departing and arriving
traffic approach each other laterally, their vertical separation
will most likely already exceed the minimum.

Under the above assumptions, the traffic scenario can be
considered as two layers of traffic: one layer for departing
traffic, one layer for arriving traffic, and no interaction between
these layers. In essence, the vertical dimension drops out,
and the conflict probability within a layer can be regarded
as a two-dimensional problem, i.e. p = psg4. The number of
conflicts in the terminal airspace can be calculated by summing
the number of conflicts in each of these 2 ‘layers’. When
assumption (i) is invalid, this can be compensated by adding
an interaction term between the two layers. If the altitude
and speed profiles of traffic within a layer are similar but not
exactly equal, a separate term for conflicts within a layer may
be needed.



C. Flows concept

Instead of regarding separate layers, it is more appropriate
to consider the arriving and departing traffic as a special
case of a situation with multiple flows of traffic, where the
traffic in each flow is similar with respect to other traffic
in that flow. A flow can be thought of as the 3D-trajectory
traced by a group of aircraft, with similar lateral tracks and
similar altitude profiles, such that the vertical dimension can
be ignored and the flow can be thought of as 2D. When all
aircraft in a flow have similar characteristics, the conflicts
between aircraft in a pair of flows will also have similar
characteristics and can be calculated relatively straightforward.
The goal is to analytically predict the conflicts between, and
if necessary within, flows, based on these flow characteristics:
the mean path, altitude profile, velocity profile and intensity;
and potentially the distributions of these characteristics.

Though procedural arrival and departure routes exist for air
traffic in the terminal area, these are often deviated from (at
the initiative of the air traffic controller) to achieve tactical
separation with a higher throughput, especially in the case
of arriving traffic. In order to obtain realistic flow profiles,
logged mode S surveillance flight track data, captured using
pyModeS [6], was used. Depending on the scenario, the logged
flight track data was modified to remove the effect of con-
troller deconflictive action (see subsection V-C); furthermore,
only the segments within the terminal airspace of Schiphol
Airport was considered. These segments were subsequently
grouped into flows of traffic using clustering techniques (see
section III). After determining the relevant characteristics
predicting conflicts (see section IV), these characteristics were
extracted from the flows and used to analytically predict
conflict rates. Finally, these analytically predicted conflict rates
are compared to replay simulation conflict rates, the observed
conflicts in a replay simulation of the logged flight track data.

III. FLIGHT-TRACK CLUSTERING
A. Data acquisition

Flight tracks are obtained from mode S surveillance data
broadcast from aircraft, which were received on a receiver
in Delft, The Netherlands and processed using pyModeS [6].
Data is available for the entire month of Januari, 2018.

The airspace definition is obtained from data in the Dutch
AIP 2. For each track, the intersection of the track points
with the selected airspace objects is used. The track points are
converted from latitude/longitude to a 2D projection centered
around the center of the airspace under consideration, to
prevent the clustering algorithm from having a bias towards
proximity in longitude at higher latitudes.

B. Clustering algorithms

Partitioning flight track data into clusters of similar flight
tracks generally involves reducing the dimensionality of the
input data by converting it to a set of features for each

2TMA/CTA definition is described in ENR 2.1; CTR definition is described
per airport in AD 2.17

track. Once the dimensionality has been reduced, these lower-
dimensional features are partitioned into groups. Several op-
tions exist for each step and different combinations have been
proposed in literature. First, several partitioning options are
described, after which several clustering approaches are listed,
as well as the choice in this paper. Different approaches to
clustering flight track data have been proposed in literature.

1) Feature set clustering: Low-dimensional features can be
used as an input for a partitioning process that groups together
entries with similar features, i.e. the actual clustering step.
Possible clustering algorithms include DBSCAN, k-means,
and graph partitioning:

a) DBSCAN (Density-based spatial clustering of applica-
tions with noise): DBSCAN identifies points in a high density
region by finding collections of points having a minimum
number of minPts (the first hyperparameter) which are a
maximum distance € (the second hyperparameter) away (points
that satisfy the e criterion but themselves do not have min Pts
other points are said to be directly reachable and are included)
[8]. All these distinct collections of points are separate clus-
ters; points not in a cluster are classified as noise. These points
need not be location data, since in that case two distinct but
crossing tracks could be classified together (depending on the
hyperparameters); the clustering can be applied to inferred
parameters of tracks. The number of clusters is an output of
the clustering algorithm.

b) k-means clustering: the number of clusters is an input

(hyperparameter k). k-means clustering partitions a dataset
into k partitions centered around cluster means or centroids,
minimizing within-cluster variances.
The necessity for a priori specification of k is a downside
for the current application, as the number of clusters may
not always be clear. This is sometimes overcome by trying
multiple values of k£ and optimizing for some cost function,
such as in [9].

c) Graph partitioning: A similarity matrix W is recur-
sively partitioned in two submatrices in each step, based on
the sign of the elements in the Fiedler vector [10] of W.
In this way, each partition has maximum similarity within
a group, and minimum similarity between groups. A stop-
ping condition can be e.g. comparing the partition variance
Wpartition = vVar (Wpartition) against a threshold variance
Wmin-

2) Conversion to features:

a) Turning points: In reference [11], turning points are
extracted from flight tracks, and similar turning points are clus-
tered by applying either k-means or DBSCAN as a clustering
algorithm. A combination of one or more turning points in
a cluster is considered as one way point. Then, each flight
track is considered as a sequence of these way points, with
varying length. Finally, trajectories are clustered together by
considering the longest common subsequence and generating
clusters of sequences.

b) Principal Component Analysis (PCA): As a starting
point, the (x, y, h) positions of flight tracks are considered and
all tracks are resampled to a vector of length n [11]. These



vectors are augmented with other features (distance from a
center point providing rate of convergence; distance from top
left corner representing symmetry; angular position providing
information about the overall location of the trajectory; and
heading of the aircraft providing information about straight
or curved trajectories). Then, the dimensionality is reduced
by performing a Principal Component analysis and projecting
each trajectory on the first ¢ Principal components, resulting in
a vector of length ¢ for each trajectory. Finally, these vectors
are clustered using DBSCAN.
This approach was an improvement to [9], whre a similar
algorithm was proposed without augmenting the trajectories
and using k-means clustering instead of DBSCAN.

¢) Adjacency: Reference [12] argues that PCA may not
always capture local or nonlinear characteristics and that
the choice of features for augmenting the data matrix can
seem arbitrary. They proposed an algorithm based on spectral
clustering. It starts by converting the (logged) flight track
positions to a number of n datapoints per track (downsampling
when more data is available, and only considering tracks where
at least n datapoints are available), and considers similarity
between flight tracks by calculating a square adjacency matrix
'W. Element WW; ; encodes the similarity between track x; and
x; by computing a Gaussian kernel:

2
i

Wij = eT"J‘ (2)

In Eq. (2), x; and x; are (n,2) matrices of (z,y) records
and o is a scale parameter, controlling the width of the
neighborhoods, which can be a local scale parameter spe-
cific to track ¢ or a global scale parameter, in which case
0; = 05 = o. The authors note that the effect of time
parametrization and Euclidation distance is that flights of
similar lengths will be clustered together; consider two similar
tracks where one aircraft flew a holding pattern and the
other aircraft did not - the similar (z,y) positions will be
at different (relative) timesteps resulting in dissimilarity. The
resulting adjacency matrix W has values ranging from zero
for completely dissimilar tracks to one for completely similar
tracks and is partitioned using a graph-partitioning approach.
An example of the graph partitioning is shown in Fig. 2.

For the current research the spectral clustering method is
selected (the adjacency matrix, partitioned using graph parti-
tioning). It achieves good results given the vectoring nature of
tracks in e.g. the terminal Schiphol airspace, where a lot of
different tracks exist. Clustering them based not only on spatial
proximity but also similar path lengths achieves a relatively
large number of flows but with a small spread. The flexibility
in stopping conditions is an additional advantage.

Note that this spectral clustering has also been extended
to obtain temporally persistent flows, flows persisting across
the time dimension (e.g. multiple days), by running the the
algorithm on multiple periods (e.g. days) and computing the
nominal tracks of each cluster in each period. These nominal
tracks are then used as an input for the same clustering method
(possibly with different hyperparameters, e.g. inputs to the stop

(a)

_ (0

(d) (e)

Fig. 2. Clustering based on similarity. The grids represent longitude-latitude
position data of flight tracks. Every level shows a subdivision of flight tracks.
Figure taken from [12]

condition) [7]. In this way, weeks or months worth of data
can be analysed at a reduced computational cost (compared to
aggregating all input data and using just one clustering step)>.
An additional advantage is that ‘outlier’ days can be identified
and dealt with - either to remove this as ‘noise’, or to study
those outliers specifically.

C. Clustering hyperparameters

The spectral clustering algorithm has a number of hyperpa-
rameters:

a) Aircraft states to consider: the fundamental aircraft
states to consider are the x and y coordinates of the aircraft
tracks. Other parameters can be included as well in the
Gaussian kernel (Eq. (2)) simply by including more states
in the x; matrices. However, the difference in magnitudes of
the states (e.g. altitude and location) induces a bias unless
corrected for with a scaling factor. Additionally, the circular
nature of aircraft headings requires attention when calculating
similarities in headings. Nevertheless, altitude or groundspeed
could be included as logical extra states.

b) Vector dimension n: Including more points per track
increases computation time and memory usage. n = 200
was found to give sufficient results at acceptable computation
times.

¢) Scale parameter o: o influences when flights are
considered similar. Instead of using a global scale parameter,
the scale parameter for flight ¢, o;, is determined using a self-
tuning spectral clustering method, which “allows self-tuning
of the point-to-point distances according to the local statistics
of the neighborhoods surrounding points” [13] by setting the
local scale parameter to the distance to the K-th neighbor of
x; for some constant value K; in this research, K = 8:

o; = d(x;, XK) 3

3The similarity matrix has dimension (NN, N) so the required computational
resources grows with O(N?)



d) Stop condition: Reference [12] suggests stopping
when the ratio of maximum distances (converging to zero
during the recursive partitioning process) is lower to some
critical value wy,;n:

max (Wz,z)

min 4
max (W) s @

However, since this stop condition did not yield satisfac-
tory results for the considered data (achieving very granular
partitioning), the current research uses a different stopping
condition which was found to give better results. We stop when
the subset under consideration* has an average similarity W; ;
of at least fis10p = 0.25, and when the standard deviation is
at most Wyzop = 0.25.

StOp (Wi,i» ﬂstopy wstop) = Wi,i > :ustop N std (Wz,z) < wstop

5
Additionally, when a partition has a size less than some
minimum (in this research, 7 tracks), the tracks in that partition
are considered ‘unclusterable’ and are labeled as noise.

IV. RATE OF CONFLICTS BETWEEN TRAFFIC FLOWS

This section describes the conflict rate between two traffic
flows based on the work of [5], who developed a collision rate
model, which is introduced and adapted in this section. The
adapted model, analytically predicting conflict rates between
flows of traffic, is verified by (i) calculating conflict rates
analytically using an adapted version of the collision rate
model (Section IV-A, (ii) obtaining conflict rates empirically
from a simulation (Section IV-B) in several experiments, and
(iii) comparing the analytical conflict rates to the simulated
conflict rates.

A. Theoretical model

Reference [5] considered the collision rate for a crossing
between two airways (see Fig. 3).

y [/
. T

Alma-, Cross Sectiom

Fig. 3. Geometry of the intersection of airways or flows. Figure taken from

(5]
1) Assumptions:

4The diagonal entries are left out: only similarity values between different
flows are considered

a) Speed and separation: Aircraft on airway 1 and
airway 2 have constant airspeeds of V; and V5. The along-track
separations are By and By, which can be constant values or
stochastic variables as a result of a Poisson process. Therefore,
more generally, expected values of the along-track separations
are used: E(B;) and E(By), respectively.

b) Airway geometry: The calculation is made for two
airways, regarded as rectangular tubes with height b and width
a, crossing at an angle «. It is assumed that the probability
distribution of aircraft on the airway cross section (so along a
and b) is uniform.

c) Aircraft geometry: Aircraft are modelled by a cylinder
with a diameter of 2¢ and height 2s (¢ and s are assumed to
be sufficiently small compared to a and b).

Under these assumptions, the collision rate C'R can be
calculated by considering the rate at which aircraft on airway
1 enter the intersection (the shaded area in Fig. 3) and
multiplying this with the expected number of airway 2 aircraft
in the intersection.

CR12 = (airway 1 arrival rate)(expected Nac airway 2)
Q)
The first term can be split in the rate of horizontal overlap
(which includes the ratio of the relative horizontal velocity V;. 5,
to the along-track separation), and the probability of vertical
overlap P(vo)’:
2gV,
airway 1 arrival rate = %P(VO) @)
The expected number of airway 2 aircraft (i.e. along the
skewed side of the parallelogram, consisting of an along-
track distance of a/sin(«)) is the ratio of that length and the
expected along-track separation:
1 a?

ted Nac,airwa; = T/ D N N 8
expecte AW 2 G E(By) sin(a) ®

The product of these gives the collision rate in the intersection:

29Vin

CR2 = BB)E(Bs)sin(a)

P(vo) 9)

Because this research focuses on conflict rates®, the aircraft
dimension g is replaced by the horizontal separation require-
ment S}, (the vertical dimension would be S, but cancels out).
Finally, substituting the full expression for V; j, assuming
a Poisson process for aircraft arrivals on airway n, and
substituting the vertical separation requirement for vertical
overlap,

Vin = V2V - 2WiVeosa)  (10)
Vo

E(B,) = . an

P(vo) = P(Ahij <5,) (12)

SFor the airway case considered by [5], P(vertical overlap) = 2s/b
Reference [5] treats the equivalence of conflicts and collisions in a special
note in their work.



the conflict rate model between airways ¢ and j C;; is
obtained, i.e. the conflicts between airways ¢ and j per unit of
time:

2Sh\/vf + V2 —2V;Vjcos(ai ;)

Az
§ Esin(a )

Cij= P(Ah;; < Sy)

(13)

B. Simulation environment

To simulate and count conflicts between flows of traffic a
simulation environment was developed using a Test-Driven
Development method, allowing straightforward generation of
traffic flows and detecting the conflict counts within and
between these flows. An example is shown in Fig. 4, showing
aircraft (circles with velocity vector) in 3 flows with two
aircraft in a conflict state (bigger circles).

flowl flow?2
flowl flow2
flowl flow2
O 3
flowl v
flow3 flow3

Fig. 4. Example visualisation of the simulation environment

C. Varying isolated quantities

In the simulation, M flows of each N aircraft are created.
Each flow i(¢ = 1...M) has aircraft flying from a starting
position on a circle with radius Ry and on a bearing ¢, from
the origin, heading towards the origin (i.e. the heading angle
Xk = 360 — ¢ (mod 360°) ). Aircraft ‘spawn’ according to
a Poisson process with intensity \;, and fly with velocity V.
Conflicts are logged during a time 7j,, following a settling
time Tsei10. These times should be chosen such that the
simulation has time to settle and no flows are ‘exhausted’
before Tend = Tsettle + Tlog-

For every aircraft pair within a flow 7, a boolean (NV;, ;)
matrix registers whether aircraft pair [, m(l,m = 1... N) has
been in conflict with another within the conflict time window.
Every flow pair 4,7 has a similar matrix (of size (INV;, N;)
registering Boolean conflict states between aircraft pairs I, m
(l=1...N;;m=1...Nj) in that flow pair. The true values
in these matrices are counted and divided by the simulation

TABLE I
BASELINE CONTROL VARIABLES

Variable Value  Unit
¢ € [0,30,60,90,120] °

|4 200 kt

A 15 aircraft/hr
Sh 3 nm
Ah 0 ft

Vs 0  ft/min
Tsettle 2.5 hr
Tiog 25 hr

t 300 s

Ro 200 nm

N 100 [-]
Repetitions 10 []

time Tj,g, resulting in the within-flow simulated conflict rates
Cpimulated (when applicable) and between-flow simulated
conflict rates Ci;m“l“ted. Each experiment is repeated 10
times.

a) Independent variables (IV): these are described per
experiment in the respective experiment description.

b) Dependent variable: the simulated conflict rate be-
tween flows 4 and j, Cﬁeaswe‘j. This is compared to the
analytical conflict rate calculated using Eq. (13).

c) Control variables: the baseline values for the control
variables of the experiments are listed in Table I. The experi-
ment descriptions below specify deviations from this baseline
when applicable.

1) Flow intersection angle: The first experiment is to de-
termine the simulated conflict rates when the flow intersection
angle « is varied. This is achieved by varying the flow bearing
angle ¢ between 0 and 360° with a step of 2.5° and calculating
the flow intersection angle according to:

. |pi — b5l
" |360° — ¢ — ¢

In the plots, v ; is rounded to the nearest 10 ° to avoid clutter;
0 and 180 ° are ignored because of the zero-division sin(c; ;)
would give in Eq. (13).

2) Arrival rate: The second experiment involves varying
the arrival rate \. Flows are created at several different bearing
angles; only conflicts between flows with different bearing
angles are incorporated’. Results are plotted for the mean
arrival rate, i.e. the IV is A = (\; + A;)/2. For the highest
arrival rates, the flows would be ’exhausted’ sooner, so the
number of aircraft per flow is doubled: N = 200.

3) Groundspeed: The third experiment is varying the
groundspeed of the flows. Several flows are created with
different groundspeeds; just as in the previous experiment,
several bearing angles are chosen, but only conflicts between
flows with different bearing angles are incorporated.

Results are plotted based on the difference in groundspeed
between flow 7 and j. Groundspeed ranges between 100

if ‘¢z — (ﬁ_;l < 180°

14
otherwise (14

TThis is done to cancel the possible effect that choosing just one angle
could have. Note that Eq. (13) accounts for the angle.



and 400 knots, with a step size of 20 knots. Results are
plotted based on the difference in groundspeeds, i.e. the IV
is [V, — Vil.

4) Separation requirement: The final parameter of Eq. (13)
is the separation requirement Sj,. Seeing as the most common
values for S}, in the terminal airspace are either 3 or 5 nm, the
groundspeed experiment is repeated, but setting S, = 5 nm. If
the formula holds, both the calculated and measured conflict
rates should increase, but their ratio should remain the same
as in the second experiment.

D. Results

The results are discussed based on two figures per exper-
iment. The top figure shows the analytical conflict rates on
the x-axis and the simulated conflict rates on the y-axis. The
bottom figure shows the ratio of simulated to analytical conflict
counts as a function of the IV; a ratio of 1 means an accurate
prediction, and the spread indicates the consistency of the
prediction.
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Fig. 6. Predicted and simulated conflicts for varying A

a) Track intersection angle: The graph for the track
intersection angle ( Fig. 5) shows good consistency; conflict
rates are very high for aircraft that are almost head-on, as can
be expected.

b) Arrival rate \: Fig. 6 shows the result for the arrival
rate experiment. The simulated to analytical conflict rates
converges to one for the higher arrival rates. The lower arrival
rates show a higher spread and a mean (slightly) below 1,
which is due to the discrete nature of observed conflicts and
not unexpected: as the numbers are much lower, one or two
extra conflicts have a larger effect on the ratio than for the
higher numbers.

c) Groundspeed: Conflict rates show good consistency
for a broad range of groundspeeds. Note that there is a signif-
icant spread, especially for the lower groundspeed differences.

d) Separation requirement: For a separation requirement
of S, = bnm, the results (Fig. 8) show a similar trend as in
Fig. 7.
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Fig. 7. Predicted and simulated conflicts for varying V', with S}, = 3 nm.

E. Discussion of verification

In the initial experiments, Tges. Was just one hour and
Ry was 20nm. However, though the graph for the track
intersection angle showed good consistency for the lower
conflict rates, it showed worse behaviour at the higher conflict
counts were a substantial underprediction took place. Initially
this was thought to be real behaviour limiting the validity of
the model; however, it turned out to be caused by the initial
radius Ry of 20 nm. Aircraft on opposing tracks (a; ; = 180°)
had a relative velocity of 400 knots, but arrived only 2Ry = 40
nm away from each other. On an ’infinite’ airway where
aircraft would arrive at one of the ends, all aircraft would
have the chance to interact witch each other, but in this case
the aircraft only had approximately O.1hr of flight time until
they would have passed the spawn point at the opposing end.
Increasing Ry to 200nm solved this issue.

A similar effect occurred in the groundspeed experiment.
For the initial settling time of 1 hr, the higher groundspeed
differences showed an underprediction. However, this effect
disappeared when changing the settling time to 2.5 hr.

£ —==- Theoretical o
= 601 simulations o
& b -7
C 40 AR
= T
g i1
9 .
D 20
c :
[uB]
§ - R?=0.6903
D_ T T T T
10 20 30 40
3.0 - Predicted conflict rate [1/hr]
0]
2.5 1
D o] 8 e
© o
T 2.0 1
v
o
2
v 10 H
: L1
0.5 1
T T T T T T T T T T T T T T T
oo o ocoocooQD o oOoOo
NS B8 SNfoeoNTOD
L e B I T T T I I

=

Groundspeed difference [kts]

Fig. 8. Predicted and simulated conflicts for varying V', with S, = 5 nm.

F. Conclusion of verification

a) Parameters: The model accurately predicted conflict
rates when varying groundspeeds, flow intersection angles,
arrival rates and the separation requirement, at least for values
which can be expected in the terminal airspace.

b) Length of flow segments: The model is, however,
sensitive to the length of the flow segments. If the length of
the flow segments is small compared to the relative velocity
of enclosing aircraft, aircraft may have already crossed the
intersection point before conflicts can arise, resulting in an
overprediction of conflicts.

c) Transient effects: When aircraft start arriving at the
start of a longer airway segment and still need some time to
get to the intersection point (e.g. during an arrival peak), this
too will lead to an overprediction of conflicts.

The above effects lead to either an accurate prediction or an
overprediction. From a safety point of view this is desirable
(since there is no underprediction that could lead to an under-
allocation of resources).



V. FLOW CONFLICT PREDICTION

To apply the conflict rate model to clustered flight track
data, the data of the clusters need to be reduced such that
Eq. (13) can be used. This is done in two steps:

1) Averaging the flight track data to an indicative ‘mean’
track with mean states (altitude, heading, velocity and
vertical speed);

2) Taking representative states per flow interaction to calcu-
late the predicted conflict rate.

A choice needs to be made for how to calculate the flow
intensity rates A;, \;. What matters is the combined intensity
)\?J, i.e. the product of the flow intensity rates for the time
peﬁod when both flow i and j are active®. In an airspace
synthesis scenario, flow intensity could be set as a function of
time and the combined intensity can be calculated for every
flow pair.

Additionally, the effect of deconflictive actions should be
accounted for, including choosing an appropriate value for Sy,.
This is discussed in more detail in Section V-C.

Finally, unclustered flight tracks are not included in the cal-
culations, as calculating an average would not be sensible since
the unclustered tracks are by definition dissimilar. However,
the interaction with the unclustered tracks is included in the
replay, to give an indication of their effect.

A. Calculating predicted conflicts

The tracks in a cluster are downsampled to 200 datapoints
per track (discarding about 5 percent of the tracks which
had less than 200 datapoints®), before being combined and
reduced into one mean track, having a mean position and
altitude, as well as groundspeed, heading (using a circular
mean), and vertical speed. Hence, each cluster ¢ is represented
by a (200, 6) track matrix T
zo Yo ho Vo xo VSo

Ti=|: : : : : : (15)
x?L yn hﬂ ‘/'IL XTL VSTL

This is similar to the GeoVectoring concept [14], which
places restrictions on allowed groundspeeds, headings, and

vertical speeds, as a function of position:

[Vmin7 Vm(lw]
[Xminv Xma:c]
[VSmmv VSm‘lT/]

In the current research, V., = f(z,y,h,i), i.e. the con-
straints are specific to that cluster ¢, and there is no guarantee
that other clusters at similar spatial coordinates have the same
constraints. Vice versa, though, the conflict rate prediction
could be applied for a merge point between sufficiently narrow
defined GeoVectoring airspaces.

14 = f(z,y,h) (16)

geo —

8Note that the model calculates conflict rates; total conflict counts for an
entire day would also need a correction for which portion of the day the
flow(s) is/are active

9Parts of the Schiphol TMA are also used for traffic to or from Rotterdam
Airport, using just a small portion of the Schiphol TMA and as such having
few datapoints

10

Applying the conflict rate model (Equation 13) is only
meaningful for converging or crossing flows. The question
is which row to select for calculating the conflict rate, since
contrary to the theoretical model, speed and heading cannot
be assumed to be constant. Two options were considered: the
first row where spatial overlap is detected, or the row where
the horizontal separation has a minimum. The first of these
options gave the best fit and was used, which determined how
to calculate V;, Vj, and «; ;.

For all combinations ¢, j of the mean tracks, it is determined
for which rows (if any) there is proximity, i.e. for which rows
the horizontal and vertical distance are below the separation
minima S, and S,. Together with a distinction between
between clustered tracks and unclustered tracks, the following
classification is made:

1) Classification:

e within-cluster: If ¢ = j, conflicts are within-flow.

All other cases are between-clusters.

The first proximity calculation is done for along-vector points:
for two clusters ¢ and j, the horizontal and vertical separation
between each row of T; and T; is checked against the
separation requirements .S;, and S,, respectively, resulting in
a Boolean row vector of length 200 indicating, for each row,
whether the horizontal and vertical separation is below the
requirements. If this is the case, along-vector proximity is
registered, depending on which rows have proximity:

e diverging_av: Some rows, including the first rows.
These flows diverge (e.g. departures from the same run-
way) and the number of conflicts (which is by nature a
convergence phenomenon) is expected to be low.
converging_av: Some rows, excluding the first
row(s). These flows have convergence, and this category
is expected to give the most conflicts. The index of the
first row with loss of separation is used to calculate the
analytical conflict rate.
all_av: In this case all rows are within the separation
minima, i.e. tracks are very close. A row for conflict
calculation cannot meaningfully be selected.

If no along-vector proximity is registered, the proximity
comparison is done pairwise for all combinations of rows,
resulting in a Boolean matrix of size (200, 200).

e cross: If this matrix has true values, flows cross for
aircraft in dissimilar flight phases. The conflict rate cal-
culation is done using the states are determined by taking
the average argument of the True-values along each axis
for T; and T, respectively.

If the pairwise comparison matrix has no true values, an
extrapolation is done based on the velocities in the track
matrices times the look-ahead time, resulting in matrices of
predicted positions. The same pairwise comparison is done
for these predicted positions, resulting in again a (200, 200)
Boolean matrix.

e converging_lookahead: If a predicted loss of sepa-
ration occurs for rows that are close (no more than 4 rows
apart), a predicted convergence is registered. Conflict rate



calculation is done based on the states in the track matrix
corresponding to the first proximity row.
cross_lookahead: If a predicted loss of separation
occurs only for states that are more than 4 rows apart,
proximity occurs for flows in different flight phases. Con-
flict rate calculation is done using the rows as described
for cross.

Unclustered flights are treated separately:

e unclustered-unclustered: Interactions within
the group of aircraft that could not be assigned to a
cluster.

e clustered-unclustered: Interactions between the
group of aircraft that could not be assigned to a cluster,
and another flow.

Finally, if none of the above classifications apply, the overlap
is:

« none: No overlap. This means no (predicted) proximity
is detected. Conflicts in this category stem primarily from
flows where the clustering algorithm has prematurely
stopped partitioning, such that some tracks are signifi-
cantly far away from the cluster mean track.

B. Comparison to replay

The calculated conflict rates are compared to a replay
scenario: the original flight track data is replayed in the
same simulation environment (see subsection IV-B), with
some changes. In every simulation step, the latest states of
aircraft are used for aircraft position and conflict determination
(deactivating aircraft after about one minute after the last
occurrence). The simulation and conflict calculation frequen-
cies were increased to reflect the non-constant nature of the
traffic; a trial with a simulation and conflict frequency of once
per minute yielded up to a factor two difference in detected
conflicts. Note that there was no extrapolation of position data:
position data was updated discretely solely based on the logged
positions.

Conflicts between aircraft are counted and categorised as
within- or between-flow conflicts. Every unique aircraft pair
has a binary conflict flag for the simulation duration, such
that repeat conflicts are counted only once and a multi-conflict
between three aircraft is not considered as a special case.

The conflict counts need to be divided by some time
duration to get to conflict rates. Between-flow conflict deter-
mination is only sensible per flow pair, and options include
the duration for which both flows are active, or the duration
for which either flow is active. The first option is the most
sensible as long as the conflict prediction is done with the
combined intensity parameter )\127 j°

C. Removing controller deconflictive action effects

The predicted conflict rates are compared to the observed
conflict rates in a simulation replay. However, due to the nature
of the captured mode S data, this replay data is inherently
deconflicted: air traffic flow management and tactical air traffic
control actions will have reduced the number of occurring
conflicts substantially; either by influencing the arrival time

1

of an aircraft or its speed (separation in time), or by changing
the position or altitude (spatial separation). The interest of this
research can be seen as the conflict potential, i.e. the ability of
air traffic to cause conflicts under a certain route structure. The
following options of removing the effect of the deconflictive
actions are considered:

1) Increasing the look-ahead time and the separation re-
quirements. In this way, a deconflicted aircraft pair, or
an aircraft pair that has been spatially deconflicted to a
separation distance of (just) over the original separation
requirement, e.g. by maintaining an altitude difference of
1000ft, is counted as a conflict again.

Selecting a number Ngqys (e.g. 4) of comparable days
(in terms of runway configuration), evenly subdividing
the flights per day over Ngqys subsets, and combining
the resulting subsets (in this example 16) to 4 new traffic
sets, each having a quarter of the data of each original
day. This preserves timing data but will lead to more
conflict potential as most traffic pairs are not deconflicted.
Simulations are run for each new traffic set and then
averaged.

Considering every flight in a cluster as a separate event
which can start at a time ¢ based on the probability
distribution of arrivals in that cluster (and shifting the
first original occurrence to ¢ = 0). This will lead to a
high density at the start of the simulation which decreases
as time progresses. Such a changing density would be
unsuitable for an experiment measuring total conflict
counts with conflict resolution and a domino effect, but
conflicts are not resolved in this experiment. It is an
artificial way to measure the conflict potential of a traffic
scenario.

Increasing the density by replicating each track R times,
in combination with seeing each flight as an event. This
will increase the arrival rate (and reduce the time between
arrivals) by a factor R.

2)

3)

4)

A selection of the above options are qualitatively compared in
this paper. Predicted and calculated conflict rates are compared
by plotting these in a scatterplot for every conflict pair. Since
it is not obvious which choice of rate and conflict time
parameter is most indicative, multiple options are qualitatively
considered. Of interest is not necessarily the ratio of observed
conflicts to calculated conflicts, but also a measure of how
much of the spread can be explained by the trendline, i.e. the
coefficient of determination, R?. A very low R? indicates little
to no correlation between observed and calculated conflicts,
meaning the prediction cannot meaningfully contribute to
understanding the interaction between flows; a higher R?
indicates it can.

VI. RESULTS

This section discusses the results of the clustering, as well
as the prediction and replay experiment.



A. Clustering

After inspection of the traffic patterns of the dataset, four
days with comparable runway configurations (southern wind)
in the beginning of Januari 2018 were selected: Jan 1-2 and 4-
5. Tracks from these days were randomly and evenly divided
over 4 scenario’s. The input tracks for the first scenario is
visualised in Fig. 9a; the resulting cluster means are shown in
Fig. 9b. An example cluster is shown in Fig. 10. The clustering
statistics are shown in Table II

TABLE I
RESULTS OF CLUSTERING

Scenario  Tracks  Clusters  Tracks per cluster ~ Unclustered
1 982 46 20.50 £+ 18.46 39 (3.97%)
2 995 40 23.75 + 19.58 45 (4.52%)
3 991 37 24.97 + 1991 67 (6.76%)
4 991 40 23.62 £+ 16.32 46 (4.64%)

B. Conflict prediction

Considering the spread in the results of Section V-C,
especially for the lower numbers, it is apparent that a lot
of realisations are substantially far away from the trendline,
which can only be distinguished with a lot of data. Even then,
for conflict rates below 5 per hour, there is a lot of spread;
the trend is most obvious for unrealistic high conflict rates (20
conflicts per hour per possible flow combination would lead
to an unacceptable workload for the controller).

1) Unaltered replay: As a starting point, consider the
conflict counts and rates for four comparable days, without any
alteration to remove the effect of the controller deconflictive
actions. 4 days were separately replayed using S, = 3 nm,
S, = 1000 ft, and ¢; = 5 minutes, after which the total conflict
counts are summed, see Fig. 11. The top graph shows the
absolute number of observed conflicts, summed for the four
scenario days; the bottom half of the graph shows calculated
conflict rates, which is the absolute number of observed
conflicts per flow pair, divided by the number of hours where
both flows had at least one arrival. Additionally, Table III
contains the division of flow pairs with and without conflicts.

The main conflict source is converging flows. Though
conflicts still exist, the rates are lower than predicted by the
model, indicating the deconflicted nature of the data. Flows
with no along-vector convergence also produce conflicts, but
with a much lower intensity per flow!?. Within-flow conflicts
do occur; these are mostly between aircraft descending from
the IAF with a high rate of descent, and aircraft on final
approach, several thousand feet lower. Diverging-type interac-
tions produce relatively few conflicts (as can be expected since
these are most likely departure flows which are separated in
time). Crossing flows mostly produce conflicts some time out,
i.e. look-ahead conflicts.

10The highest conflict rate in the none-type is from two flows with
significant outliers of some tracks w.rt. the cluster mean, so clustering
improvement would eliminate large parts

12

All tracks

(a) all position data

Cluster means (blue) and unclustered tracks (orange)

(b) clustering results (mean tracks in blue) and noise (unclustered data, orange)

Fig. 9. Clustering results for the first scenario: a combination of Jan 1-2 and
4-5, 2018.

2) Removing controller effects: The first considered method
of removing deconflictive action is to create four new scenarios
from the four comparable days, and randomly distribute the
traffic for each day evenly over the four new scenario’s. The
results for these replays are shown in Fig. 12a, where S, = 3
nm, S, = 1000 ft, and ¢; = 5 minutes. The largest absolute
number of conflicts is for converging flows. The none-
type is the next largest group, but with a substantially higher
number of flow pairs; these conflicts mostly arise from a clus-
ter with dissimilar tracks, and from a small number of flights
that took place during opposite runway usage. There are more
diverging conflicts as can be expected for mixing multiple
days. within-cluster conflicts has a higher average per
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Fig. 10. An indication of one clustering result.
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TABLE III
FLOW PAIRS AND SUBDIVISION

(UNALTERED REPLAY OF JAN 1-2,4-5, 2018, SUMMED).

Number of flow pairs

Total | With conflicts ~ Without conflicts
Overlap Type
within-cluster 155 30 125
unclustered-unclustered 4 2 2
clustered-unclustered 155 47 108
all_av 22 0 22
diverging_av 580 13 567
none 1863 158 1705
cross_la 82 18 64
Cross 126 19 107
converging_la 66 36 30
converging_av 207 133 74
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(b) Sy =6 nm, S, = 1000 ft, and ¢; = 10 minutes.

Fig. 12. Conflict counts for mixed-days replay; different separation require-
ments.

day, but still a relatively low conflict rate (with a mean close
to zero). The largest conflict rates are for converging pairs
and clustered-unclustered (this effect of this group
may be substantially reduced by an improvement in clustering;
note also the low absolute numbers). Fig. 13a shows the ratio
between analytical and replay simulation conflict rates; there
still is a substantial overprediction and the correlation is weak,
see Fig. 14a.

Doubling both the horizontal separation requirement to
S, = 6 nm and the look-ahead time to ¢; = 10 minutes
increases the conflict numbers, with a pronounced effect on
diverging and within-cluster type conflict counts
(see Fig. 12b. Additionally, for the converging type conflict
rates, a clear correlation between predicted and observed
conflict rates can be distinguished (see Figs. 13b and 14b),
with an R? similar to the experiments in Section IV-D. Note
however that there is still a slight overprediction.

To generate more data with even less effect of controller
deconflictive action, the experiment was repeated using a five-
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Fig. 13. Conflict rate prediction for mixed-days replay; different separation
requirements.

fold increase in traffic and concentrating arrivals at the start of
the scenario. This results in a clear trendline at an almost 1-to-
1 ratio of predicted to observed events, even though significant
outliers are present; see Fig. 15. Note that some additional
outliers exist in Figs. 13, 14 and 15 but that axes are truncated
to increase readability.

VII. DISCUSSION
A. Clustering

The chosen clustering algorithm can efficiently and effec-
tively and group identify similar flows. Of attention is setting
the parameters; the parameters for calculating the adjacency
matrix (which states to choose and the value of K or o)
influence the choice of stop condition, which in turn influences
the number of ‘unclusterable’ tracks, that have a considerable
effect on the conflict counts. A further study of the optimal
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Fig. 14. Conflict rate prediction for mixed-days replay (converging_av-
type)

clustering parameters to maximize within-cluster similarity
and minimize unclusterable tracks would likely lead to a larger
proportion of conflicts that can be accurately predicted.

B. Conflict rate prediction of replay data

Using Eq. (13), conflict rates between flows can be predicted
based on the mean tracks of clustered flight track data,
establishing a clear trend in the correlation between predicted
and observed conflict rates.

The derivation assumes that the probability distribution
along the airway cross section is uniform. For modern aircraft
this will usually only be satisfied for small values of airway
cross sections. However, the horizontal cross section a cancels
out in the final conflict count equation, as long as this
dimension is equal for both airways. In contrast, in clustered
flight track data, the width of a cluster may be significant and
there may be differences in this width. The spread around the
cluster mean may vary on track position, and the spread may
be different for different clusters. The theoretical model may
be improved by correcting for the ratio of cluster spread at the
convergence locations.

The probability of vertical overlap between two clusters is
essentially used as a binary value in this research: proximity
is based on horizontal and vertical overlap, and if both are
present, the calculations are made as if vertical overlap is
detected. However, since the probability of vertical overlap
essentially scales the conflict rate, conflict rate predictions are
likely improved when the vertical overlap probability is more
accurately included.

Replay conflict observations did include a spread around
the mean and vertical speed differences, but though the conflict
rate prediction did not take these into account, it still produced
meaningful results. This shows that using cluster means based
on a 2D clustering methodology can give an indication of
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3D conflict rates in the terminal airspace. Additionally, it
shows that logged flight track data can be used instead of
standard instrument procedures when those procedures are not
representative of actual traffic.

Improvements to the clustering parameters could probably
reduce the number of ‘unclusterable’ flight tracks and thus
the unpredicted conflicts that originate from these, reduc-
ing the clustered-unclustered and unclusterd-
unclustered categories as well as the all_av category.
In that case, within-cluster conflicts would make up
a small minority of total conflicts, but they cannot be pre-
dicted by the current model. However, since the majority of
within-cluster conflicts is between aircraft in dissimilar
flight phases, it may be possible to predict within-cluster
conflicts using the between-cluster methodology. Another pos-
sibility might be to use the CAMDA-framework [3] to quantify
within-cluster conflicts.

1) Deconflictive actions: Using unaltered replay data leads
to an overestimation of converging conflicts. Combining traf-
fic from comparable days and increasing separation minima
and lookahead time yields higher conflict rates and a slight
improvement in prediction ratio; however, it does change the
ratio of conflict types (e.g. much more begin-type conflicts).
Both this underprediction and change in relative proportion of
conflict types should be taken into account when selecting a
deconflictive action method.

VIII. CONCLUSION

This research investigated the applicability of conflict mod-
els on controlled, structured airspace concepts using flight
track clustering of logged mode S surveillance data in the
terminal airspace. The collision rate model of [5], adapted for
conflict rates, is valid for 2D flows across a broad range of the
dependent variables when enough realisations are present; for
low conflict rates the stochastic effect can be large, leading to
substantial differences from the predicted values.

When IFR procedures are not followed, captured ADS-B
data can be clustered into flows in the terminal airspace, even
using only 2D position data, using a spatial clustering algo-
rithm. These flow means can effectively predict conflict rates,
even when taking into account 3D conflicts. Clustering results
are, however, sensitive to the hyperparameters of the clustering
algorithm, which can influence the conflict predictions.

The nature of retrospectively looking at logged flight tracks
leads to an overprediction of conflict rates; by mixing and
repeating traffic predictions have less bias, but these actions
also influence the ratio of conflict types, leading to a higher
incidence of e.g. conflicts in departure flows.

Improvements to the clustering algorithm could likely in-
crease the proportion of conflicts that can be predicted, and
may reduce the effect of conflicts between flows that have no
proximity of mean tracks. Conflicts within a flow make up
a small proportion of total conflicts; these may be predicted
by the between-flow conflict rate model or the CAMDA
framework, however, this requires further study.
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Introduction

The demand for air traffic generally increases steadily, for The Netherlands’ largest airport, Schiphol,
even reaching the previously agreed upon limit of 500.000 movements a year in 2018 [20], meaning a lot
of aircraft are using air space. For safety reasons, regulators have set a minimum separation between
aircraft, depending on flight type and airspace classification [16]. In the current system, it is the job of
air traffic controllers to ensure that this minimum separation is not violated. This is not an easy task, as
can be deducted from the Dutch Civil air traffic controller organisation (Luchtverkeersleiding Nederland
or LVNL) rejecting an overwhelming majority of applicants (only 22 out of a thousand applicants pass
the selection and training [18]). Of course, even the ones that do graduate have limits to their ability to
ensure separation between aircraft: there needs to be a sufficient spread in the number of aircraft in
the airspace for the controllers to be able to properly guide them. In the medium term, this is achieved
by limiting the number of aircraft that can enter the airspace: Air Traffic Flow Management [15]. Before
aircraft take-off, they can be held to ensure that once they enter a certain airspace, that airspace is not
over its maximum capacity.

The starting point for all this is an airspace design. Where can aircraft enter or leave the airspace,
what routes are available to them, and what are the geographical limits of the airspace that the air traffic
controller needs to supervise. The Dutch government has announced that the airspace design will be
revised over the coming years: as the demand for air traffic grows, more airports are intended to open,
and new generation military jets need more airspace, a major rework is underway, intended to be ready
by 2023 [21]. However, future concepts to deal with air traffic are already being investigated, with part
of LVNL looking at concepts to use after 2030 [19].

Eventually, the question that arises is: how many aircraft can safely and efficiently use the airspace?
In other words: what is a safe capacity for the airspace? With the controller being responsible for
separation, they need to resolve any conflicts. A conflict is a predicted future loss of separation; if
nothing would be done, aircraft would get too close. Hence, the workload of the controller is directly
related to the number of conflicts. The number of conflicts, in turn, is related to both the number of
aircraft in the airspace, and their probability of having a conflict. Understanding this probability of
conflicts is a key step in being able to predict the number of conflicts, and therefore the capacity of the
airspace.

Knowledge gap

Previous work at this university has shed light on the conflict probability of unstructured airspace, where
aircraft can depart and arrive at any point in a given airspace [28]. For instance, future personalised
air vehicles in a big city could use the airspace around that city. However, passenger aircraft are still
dependent on airports, so the number of origins and destinations is limited. This gives rise to structured
traffic flows and currently air traffic controllers are still responsible for deconflicting these flows. The goal
of this research is to contribute to the understanding of how these structured flows impact the number
of (possible) conflicts of an airspace design. A deeper understanding of these conflicts can increase
both the safety and capacity of airspace design, by choosing the concept with the lowest number of
(possible) conflicts.
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To assess the relationship between these structured traffic flows and capacity, this research uses
previous flight data, comprised of collected aircraft transponder (ADS-B) data [27]. These flight tracks
need to be grouped into clusters of flows to analyse them and distill properties that can predict conflicts.
The aim is then to eventually allow air space designers to synthesise a design based on routes and
flow properties of aircraft in these routes, and obtaining the predicted conflict counts as a measure of
the airspace capacity. Ideally, the relationship between the flow and route properties on the one hand,
and airspace conflict counts on the other hand, can be analytically expressed, so that it is immediately
visible what the effect is of changing a certain parameter.

Research objective
Following the research gap in the previous section, the research objective can be posed:

To contribute to a safe and efficient air space design process by developing an analytic
conflict count prediction framework for centralized air traffic control and obtaining a relation-
ship between properties of historic traffic flows and air space capacity, resulting in a more
thorough understanding of capacity in structured air space design and more informed air
space design decisions.

Report structure

The remainder of this reports consists of a a literature review in Chapter 2, followed by the methodology
in Chapter 3. Finally, Chapter 4 outlines the experiment overview and planning for the remainder of the
research.



Theoretical background

This chapter contains the theoretical background of the research. Section 2.1 gives a general intro-
duction to the definitions, the motivation underlying conflict count models, and the types of airspace,
before formulating the research questions. Section 2.2 discusses capacity prediction and conflict count
models, the differences between unstructured and structured airspace, and discussed 2D versus 3D
models, before introducing the concept of flows and arriving at a conflict rate formula. Finally, section
2.3 discusses ways to cluster air traffic into flows.

2.1. Introduction

Airport systems are resource constrained: resources like gates and taxiways have limited capacity.
The take-off and landing of aircraft imposes interval constraints between these events to meet wake
turbulence separation requirements. Outside these constraints, the driving limitation to capacity are
the safety constraints: the introduction of radar surveillance lead to radar separation minimums: 3 or 5
nautical mile horizontally, 1000 or 2000 feet vertically[10], depending on the type of airspace.

2.1.1. Definitions

Visualise a cylindrical "box” with a radius of 3 nautical mile and a height of 2000 ft, centered around
the aircraft. This box should remain clear of other aircraft at all times and is called the Protected Zone
[25]. This is because when another aircraft intrudes this box, it means that the horizontal distance is
less than 3 nautical mile and the vertical distance is less than 1000 feet, thus violating the separation
minimums. For cylindrical Protected Zones, this can equivalently be regarded by visualising a box with
halved dimensions (a radius of 1.5 nautical mile and a height of 1000ft), where no overlap between
these should exist. To avoid a collision, a key objective of Air Traffic Management is ensuring that no
‘intruder aircraft’ enters these Protected Zones.

A loss of separation is "the situation where the distance between two aircraft is less than the
separation minima” [11] (and, consequently, vice versa). A conflict is "a predicted loss of separation”
[11]: at time ¢, a conflict is registered when in the time interval [¢t,¢ + ¢;] (where ¢; is the look-ahead
time, for instance 5 minutes), a loss of separation is predicted. An acceptable risk is the Target level
of Safety (TLS), set by the International Civil Aviation Organisation (ICAO) as s 2.5x107 collisions per
flight hour [14].

Conflict count models

When a conflict occurs, it should obviously be resolved to prevent it from developing into a loss of
separation, or ultimately, a collision. This conflict resolution can be done centralized, by an Air Traffic
Control entity, or decentralized, by each aircraft separately. For both approaches, a lower number of
conflicts is beneficial: not only do fewer conflicts lead to less potential collisions, fewer conflicts to
resolve also reduce the workload on the entity performing the deconfliction, whether that is a pilot or
an air traffic controller. For this reason, a lower number of conflicts lead to a safer and more efficient
airspace; or, conversely, if two airspace designs have a different number of conflicts for the same

20
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throughput of traffic, the concept with the lowest number of conflicts is inherently more safe and efficient.
At the same time, the focus on safety may lead to inefficient usage of airspace.

This is the reasoning for adopting conflict count models: models relating the number of conflicts (or
the number of conflicts per unit of time, the conflict rate) to some parameters of the airspace.

2.1.2. Types of airspace
An important characteristic to consider is the nature of the traffic: can traffic originate and end at any
point in the airspace considered, or are there certain paths relating entry and exit points within the
airspace? These are, respectively, unstructured and structured airspace concepts. A lot of the current
airspace can be considered structured due to the use of airways: 'highways’ in the sky consisting of
several waypoints that aircraft navigate consecutively, especially in the en-route airspace, where aircraft
are not on a departure or arrival segment but somewhere in between, usually at their cruising altitude.
An additional feature of structured airspace is the increased possibility of overtaking conflicts, a conflict
occurring between two aircraft on the same airway and with a nonzero relative speed. These aircraft
may be separated in altitude to prevent an overtaking conflict from occurring [11]. These overtaking
conflicts (conflicts between aircrafts on the same route ) should therefore also be included in a model.
A typical flight trajectory will have an aircraft take-off at a (controlled) airport, entering the Control
zone (CTR), a volume of airspace around an airport, usually cylindrical, constrained in both altitude
and distance from the airport; air traffic control in the CTR is in principle done visually by the Tower
controller. When leaving the CTR, aircraft continue climbing in the Terminal airspace (TMA), where an
Approach/Departure controller controls both arriving and departing traffic in the vicinity of the airspace.
After leaving this airspace, aircraft enter the en-route airspace and spend a large portion of their flight
in this airspace; close to the destination, they will descend and enter the TMA and CTR again.

2.1.3. The terminal airspace
While some predetermined routes exist in the terminal airspace, at busy airports these are not always
used, especially not during the arrival peaks. Instead, tactical deconfliction is used (so-called vectoring)
to maximise throughput. This means that for these cases, only considering predetermined arrival routes
does not lead to sensible results. As an alternative, this research looks at observed flight track data, in
which patterns emerge. These patterns can be obtained by clustering similar flight track data.
Research at this university has produced a framework to relate (geometrical) properties of an un-
structured airspace concept to its capacity by using conflict count models as intermediate step. In this
way, a direct, analytical model of airspace capacity was obtained, allowing a direct inspection of the
consequences of changing a certain parameter. The goal of the current research is to develop a similar
technique for structured airspace, with a focus on the terminal airspace.

2.1.4. Research questions
Following this introduction and in line with the research objective formulated in Chapter 1, the following
main- and sub- research questions can be formulated:

1. Can historic flight track data properties be used to predict structured air space conflict counts?

(a) What properties of traffic flows can predict air space capacity?
(b) How can historic flight track data be aggregated into flows?
(c) What properties do these flows have?

2. What is the relation between the traffic flow properties and simulated airspace conflict counts?

(a) How can conflict counts be predicted analytically by traffic flow properties?

(b) How can conflict counts be obtained from simulations?

(c) How do the the conflict counts obtained from simulations compare to the analytically pre-
dicted conflict counts?

3. How does the conflict count prediction based on traffic flow properties compare to the conflict
counts by fast-time simulations or replays?

"Typical values for The Netherlands are a radius of 8 nautical miles around the airport, sometimes with an additional elongation
along the center axis of a (dominant) runway, and vertically from the ground level to an altitude of 3000 feet
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(a) How can the effect of controller deconflictive action be mitigated?

(b) What conflict counts are predicted by fast-time simulations?

(c) How similar are these replay conflict counts compared to the analytically predicted conflict
counts?

4. By how much can the conflict counts of an existing airspace design be reduced by analysing
high-conflict counts flows?

(a) What baseline scenario is representative?

(b) What are the high-conflict count flows in this scenario?

(c) What properties of these high-conflict count flows have the highest impact on these high
conflict counts?

(d) What change in these properties reduces the predicted conflict counts of the scenario?

(e) Is the change in conflict count predicted accurately after altering these properties?

The research objective can be divided into several sub-goals:

G'1. Analyse historic tracks in the Dutch airspace to obtain clusters of tracks ('flows’) and extract
predictive properties of those flows.

G>. Obtain the relationship between properties of flows and the conflicts between these flows.

G'5. Verify and validate the relationship between properties of flows and the conflict counts between
these flows.

(4. Evaluate the predicted capacity with respect to a baseline capacity of an (existing) airspace de-
sign.

The remainder of this chapter will consist of a description of the capacity prediction in unstructured
and structured airspace in Section 2.2 and an overview of clustering methods in Section 2.3 , followed
by Section 2.2.9, relating traffic flow properties to conflict count models.

2.2. Capacity prediction

This section will focus on capacity prediction using conflict count models. As a starting point, the
capacity prediction framework for unstructured airspace will be explained. Next, the differences with
regards to structured airspace will be reviewed.

2.2.1. Capacity prediction in unstructured airspace

In unstructured airspace, "no constraints are imposed on aircraft motion” and “aircraft can ... fly with
preferred speeds and at optimum altitudes”, resulting in a relatively uniform distribution of traffic [28].
While this reduces traffic concentrations, when two aircraft do near each other, there is no constraint on
their relative heading or speed difference. [28] showed that, for aircraft at the same altitude (a 2D-case)
in such an unstructured concept, the total number of instantaneous conflicts Neonfiicts instantaneous 1S the
product of the the average conflict probability po; and the number of combinations of two aircraft (with
a total number of instantaneous aircraft of Njrcraft instantaneous)-

Naircraﬂ instantaneous
7 P2d 2.1)

Nconflicts,instantaneous = < 2

The upper bound on the number of conflicts is (Na"“a“vi";‘a"‘a"”“) ; p2g IS @ probability (so between zero and
one) and thus can be thought of as a scaling of this upper bound.

This average conflict probability pog4, in turn, is the ratio of of the area searched for conflict A, to
the total airspace area A, (see Fig. 2.1). For fixed values of S, t; and A, it follows that py, is
proportional to the expected value of the horizontal relative velocity between two aircraft:

A, QShE(Vr,h)tl
P2d = =
Atm‘,al Atotal
The horizontal relative velocity V. ;, depends on the magnitudes of the velocities of an aircraft pair

as well as their respective heading difference. For aircraft i and aircraft j with velocities V; and V; and
a heading difference A, their horizontal relative velocity V., can be calculated using the cosine rule:

< E(V:.n) (2.2)

Vi =/V2 + V7 — 2ViVjc08(A¢) (2.3)
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Figure 2.1: Area searched for conflicts A. in 2D airspace. lllustration taken from [28]

A special case is the situation where the velocities can be assumed constant for all aircraft (V; = V; =
W) and aircraft headings are uniformly distributed between 0 and «. In this case, due to symmetry V,. 5,
reduces to 2Vjsin(Av), and the expected horizontal relative velocity becomes [11]:

Eaaﬁ)8W)(123m(g)) (2.4)

(0% (0%

From Equation 2.4 combined with Equation 2.2 it can be seen that reducing either the speed V; or
the maximum heading difference reduces the number of conflicts. Conversely, with larger velocities or
velocity differences and with larger heading differences, the number of conflicts increase.

2.2.2. Airspace stability

When a conflict occurs, evasive action needs to be taken to prevent the conflict from evolving into an
actual loss of separation. This is called conflict resolution. For instance, when an aircraft threat-
ens to ‘overtake’ a preceding aircraft, this can be prevented either by means of a velocity change (by
increasing the groundspeed of the preceding aircraft or decreasing the groundspeed of the latter air-
craft), or restoring the seaparation by increasing the lateral or horizontal distance between the aircraft
(by changing altitude or by changing course).

Such an evasive maneuver may lead to a new conflict with a different aircraft, which in turn may
lead to yet another conflict, and so on. Such a domino effect can be expressed by the Domino Effect
Parameter or DEP [1], a measure of the ratio between the number of conflicts with conflict resolution
Ciotarwr(p) @and the number of conflicts with no conflict resolution Cyota;..-(p)? @and can be thought of
as "number of secondary conflicts per primary conflict” [28, section 5.2.2]. The DEP depends on traffic
density p: one can imagine that with low traffic densities, the odds of a new conflict happening are very
low; the more congested the airspace is, the higher these odds are, and the subsequent deconfliction
step may lead to an additional conflict. In this case, there is a conflict chain reaction.

Ctotal,wr (p)

DEP =
Ctotal,nr (P)

1 (2.5)

2.2.3. Capacity Assessment Method for Decentralized Air Traffic Control (CAMDA)
The DEP relates to the notion of airspace stability: the propagation of conflict chain reactions. Sunil
posed the Capacity Assessment Method for Decentralized Air Traffic Control (CAMDA), which defines
the maximum capacity limit p,,.. as “the traffic density at which conflict chain reactions propagate
uncontrollably throughout the entire airspace”: [28, Chapter 5]

im  ADEP(p)

= 00, where p,,., = capacity (2.6)
P—Pmaz dp

In short, the CAMDA framework consists of three steps relating to conflict counts without conflict resolu-
tion (CR), then applies two assumptions, and takes an additional three steps relating to conflict counts
with resolution to arrive at an analytical formula for the Domino Effect Parameter (DEP). Then, using
Equation 2.6, an analytical formula for the capacity can be found.

Though this framework cannot be directly used for structured airspace, the idea of an analytical
formula for capacity is very appealing: it provides a clear insight into which factors contribute in which

2Note the dependence on the airspace density p
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way to airspace capacity, and (even though small correction factors are required in certain cases) at
least allows the comparison of different concepts with regards to their capacity.

It should be noted that p,,., may not be a realistic or suitable measure for centralized air traffic
control. In the decentralized case, it provides a saturation limit; but in the centralized case, the work-
load of the air traffic controller is a limit at a lower density. This may be deduced from the nature of
Equation 2.6; even before conflict chain reactions propagate uncontrollably throughout the airspace, it
is impossible for the controller to deconflict such a high number of aircraft pairs, let alone have the time
to (verbally) give instructions for these deconflictive actions. For centralized air space concepts, the
shapes of the curves relating density to conflicts for different designs should already allow a comparison
between these designs.

2.2.4. Application of the 2D model to structured terminal airspace
As a starting point, reconsider the 2D-model of Section 2.2.1. This can be regarded as a portion of the
airspace where only cruising flights occur. A realistic airspace will also have climbing and descending
traffic, and possible conflicts between these 3 types of traffic need to be incorporated. Nevertheless,
the 2D-model may have an application to the terminal airspace in a structured airspace.

Consider the case of an airport with arriving and departing traffic, where:

(i) the routes that arriving aircraft and departing aircraft take are sufficiently separated, so that no
conflict between arriving and departing aircraft will occur,
(i) all arriving aircraft have a similar altitude profile and speed, and
(i) all departing aircraft have a similar altitude profile and speed.

The altitude profiles of arriving and departing traffic differ not only in sign, but also in magnitude
(departing traffic climbs faster than arriving traffic descends); additionally, the fact that aircraft usually
take-off and land against the wind means that close to the ground, departing traffic will be in the upwind
sector, and arriving traffic will be in the downwind sector. Combined, this means that even when de-
parting and arriving traffic approach each other laterally, their vertical separation will most likely already
exceed the minimum.

Under the above assumptions, the traffic scenario is equivalent to two layers of traffic: one layer for
departing traffic, one layer for arriving traffic, and no interaction between these layers. In this case, the
number of conflicts in the terminal airspace can be calculated by summing the number of conflicts in
each of these 2 ’layers’, predicted by Equation 2.4.

When assumption (i) is invalid, this can be compensated by adding an interaction term between the
two layers. When the speed of aircraft within a layer is not constant, this may not be a problem when
they accelerate or decelerate at similar locations within that layer. However, when two aircraft at similar
locations within the layer have a difference in speed, the analytical equation 2.4 may not be used and
a correction for the differences in speed and E(V;.;,) may be determined numerically. Additionally, a
separate term for conflicts within a layer may be needed.

Even though the above assumptions may not always hold, they provide a reasoning for considering
conflict probability in the terminal airspace by means of conflict count models.

2.2.5. Conflict count models in structured airspace

Several conflict count models have been made for structured airspace. A distinction needs first to be
made between collision and conflict count models: collision models predict the number of collisions that
occur. Conflict count models focus on the number of predicted losses of separation. In other words,
a collision is when aircraft physically come into contact with each other, a conflict is when aircraft are
predicted to have a separation less than the minimum separation at some time in the future. The nature
of collision risk research is different from the focus of the current work; focusing e.g. on path-keeping
errors, possibly in areas with little radar coverage (such as oceanic paths). In contrast, in the terminal
airspace radar coverage will usually be available.

[23] and [13] focus mainly on collision risk, making assumptions about aircraft dimensions and path-
keeping errors. [5] calculates conflict intensity for a disk-shaped space around an airport, where aircraft
can originate from all directions and head directly towards the center of the disk. However, this is in-
compatible with the practice of concentrating arriving aircraft on several Initial Approach Fixes (IAF’s),
where aircraft can only enter the terminal airspace at a limited number of locations (for Schiphol, e.g.,
there are 3: RIVER, ARTIP, SUGOL). [22] focuses on the en-route airspace, identifying crossing points
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between (segments of) airways coupled with traffic data to identify collision hot-spot locations and using
K-means clustering to get from collision risk points to Hot-spots. This assumes knowledge of interme-
diate waypoints of the airway, which can be valid for en-route airspace but is not always the case for
traffic in the terminal airspace. Additionally, identifying the number of clusters (an input to the K-means
algorithm) is achieved by a computationally expensive trial-and-error method.

This research proposes a different approach. Consider again the departing and arriving ’layers’ of
aircraft discussed in Section 2.2.4. Now, assume only that the traffic in each of the layers all have
similar trajectory and velocity properties, so that the number of conflicts can easily be calculated using
the 2D-model. The total number of conflicts is then the sum of the conflicts in each layer, plus an
interaction between these layers. However, since the traffic in each layer is similar, the interactions
between two layers will also have similar characteristics, so the conflicts between these layers can
also be calculated relatively straightforward.

Flows

Instead of regarding separate layers, it is more appropriate to consider the arriving and departing traffic
as a special case of a situation with multiple flows of traffic, where the traffic in each flow is similar with
respect to other traffic in that flow. A flow can be thought of as the 3D-trajectory traced by a group of
aircraft, with similar lateral tracks and corresponding altitude profiles.

Alternatively formulated, the special case of only departing and arriving traffic can be extended to
a less restrictive model where multiple flows of traffic exist in an airspace. For instance, consider an
airport with one departure runway on a given day, Standard Instrument Departures from that runway
to three separate waypoints. This can be regarded as three separate traffic flows. It is relatively safe
to assume that properly designed departure routes 'fan out’ and will not cross each other, and that
the aircraft are separated in time by spacing their departures. In this case, there will be no conflicts
between the different departure routes, so there will not be conflicts between flows. However, different
aircraft may have different velocities, so there can be conflicts within a flow. Conversely, aircraft arriving
from multiple IAF’s and landing at the same runway will merge, so in that case there may be conflicts
between flows.

Flows may intersect both horizontally, vertically, or both. Forinstance, consider two sets of departing
aircraft that trace the same lateral trajectory, but where the first set accelerates at a lower altitude before
climbing with a higher flight path angle than the second set; in that case their corresponding flows
will diverge, converge, overlap, and diverge again. A second example is the case of aircraft arriving
from multiple IAF’s and flying towards the same runway; these flows will first converge and then have
complete overlap in the final approach phase, at least spatially.

As long as the properties of traffic in two flows are similar enough to each other, all possible inter-
actions between these flows will have similar characteristics as well. By cleverly grouping aircraft in
flows with similar profiles, the situation where the assumption of similar enough properties is valid, can
be achieved®. Besides the horizontal and vertical trajectory of a flow, other flow properties need to be
known as well; for instance, the spread around the mean* and a measure of how frequently the flow is
used.

The conflict probability discussed so far is limited on 2D conflicts. Of course, real traffic in the
terminal airspace inevitably has a 3D nature. [28] considers combinations of cruising, climbing and
descending aircraft based on the proportion of cruising aircraft to the total number of aircraft and sums
the result. However, assuming all climbing and descending aircraft have a similar climb and descend
altitude profile (with respect to lateral track distance) respectively, this third dimension may be removed.
By further assuming all aircraft in the terminal airspace are either cruising or descending, and that
cruising and descending lateral tracks have sufficient separation, the total number of conflicts may be
approximated by assuming 2D models and summing the results of climbing and descending conflict
counts.

3In the limit, the situation where interactions between every possible combination of aircraft is treated separately, is achieved.
“4For very 'narrow’ flows, e.g. all aircraft are close to the mean, this spread may not directly show up in the equations, but it
is more of an assumption
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Figure 2.2: Geometry of the intersection of airways or flows. Figure taken from [5]

2.2.6. Conflicts between flows

For structured airspace, Equation 2.2 does not hold, as the geometry of the intersection needs to be
taken into account. Consider Figure 2.2, showing two airways regarded as rectangular tubes with
height b and width a, crossing at an angle «. Aircraft on airway 1 and airway 2 have an airspeed of 1}
and V; and an average along-track separation of E(B;) and E(B>), respectively. It is assumed that the
probability distribution of aircraft on the airway cross section (so along a and b) is uniform.

First, consider the collision risk of an aircraft on airway 2 entering the intersection (the shaded area
in Figure 2.2). Aircraft are modelled by a cylinder with a diameter of 2¢ and height 2h (¢ and h are
assumed to be sufficiently small compared to a and b). The expected number of aircraft on airway
1 in the intersection in a unit of time is given by the product of the rate of horizontal overlap and the
probability of vertical overlap [5]:

2gE(V;.n) 2h
E(Bl)(l b

To calculate the collision rate, the expected number of aircraft on airway 1 needs to be multiplied

with the expected number of aircraft on airway 2, which is:

2.7)

1 a?
aE(Bs) sin(«)

(2.8)

(In other words, the expected number of aircraft in the skewed side of the parallelogram, consisting of
an along-track distance of ﬁ'(‘a) is the ratio of that length and the expected along-track separation.)
Combining Equation 2.7 (replacing the second term with the more general P(vertical overlap) with

Equation 2.8, the collision rate C' in the intersection is obtained:

29Ven
E(BL)E(By)sin(a)

C= P(vertical overlap) (2.9)

Looking at aircraft on the same altitude (e.g. P(vertical overlap) = 1 and comparing this result
to Equation 2.2 highlights some key differences. (Note the difference between conflict probability -
explaining the ¢; term - and collision rate - including total number of aircraft and factoring out time).
First, V. 1, is not stochastic but a deterministic value (since V3, V; and « are assumed to be constant);
the stochastic elements are the along-track separations. Second, « is not just an input to V,. 5, but also
occurs in the denominator.

In essence, the stochastic element is different, and the area where a collision can occur is con-
strained to the overlap area between the airways, introducing the sin(a) term in the denominator. [5]
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includes a discussion on the extension of the model to conflict rates; simply replacing the aircraft dimen-
sion with the dimension of the protected zone violates the assumption g < a and introduces a boundary
problem, but the author argues that the same equation can be used nonetheless. A more thorough
study of these effects are needed for the final thesis work. However, as a preliminary validation step,
simulations on conflict counts for airways with different separations, speeds, and intersection angles
show a linear relation between the number of conflicts predicted by Equation 2.9 and the observed
conflicts, see Section 3.3.

Going from collisions to conflicts® also draws attention to the aircraft dimension g. ® Note that the
horizontal overlap for collisions is defined to take place 'when the horizontal coordinate of the center
of one aircraft enters within a range of g from the horizontal coordinate of the center of another aircraft’
[5]. A loss of separation occurs when the horizontal distance between the centers of two aircraft are
less than S, away. So, going from collisions to conflicts, ¢ is replaced by S,.

Revised conflict rate formula

For later purposes, Equation 2.9 is repeated in a revised way, replacing g with the horizontal separation
requirement Sy, assuming a Poisson process for the arrivals so that E(Byo.) = % and substituting
the full Equation 2.3 for V. ;,. The resulting equation to obtain the conflict rate between flow ¢ and flow
j, intersecting at an angle «, is Equation 2.10.

2Sh\/Vi2 + V7 - 2ViVjcos(a)
C =

P(vertical overla 2.10

Numerical example

As an example, consider two flows of aircraft at the same altitude (so the probability of vertical overlap is
1) in an airspace with a separation requirement of 3 nm. A conflict occurs when cylinders (or, because of
the 2D-nature due to the same altitude, circles) with a radius of 3 nm, overlap (e.g. S, = 3[nm]). Assum-

ing a Poisson process’, E(Bow) = Vitow | Vi = Vo = 250 [knot], \; = Ao = 5 Jaircraft/hr] and flows
! Aflow

. . . . 2-3-4/25024-2502 —2-250-250 15°
intersect at an angle of 15 degrees, the resulting conflict rate is ' — 22V ;@Jmsm(;a)o cos18) —
5 5

0.60 [aircraft/hr]. This is the baseline, to which we can compare values obtained by modifying one
parameter at a time:

+ An increase in intensity in one airway (e.g. A\; = 10 [aircraft/hr] results in a proportional in-
crease to C' = 1.21 [aircraft/hr]; if both airways double in intensity, the effect is quadratic to
C = 2.42 [aircraft/hr].

» Doubling or quadrupling of the intersection angle to 30 or 60 degrees has a much smaller effect:
conflict rates of C' = 0.62 and C' = 0.69 [aircraft/hr], respectively;

+ If the average speed of both flows is reduced by half to a speed of 125 knots, the resulting conflict
rate is C' = 1.21 [aircraft/hr] Conversely, if the average speed of just one flow is reduced by half,
the relative velocity increases substantially and the resulting conflict rate is C' = 2.47 [aircraft/hr].

2.2.7. Along-track separation

The two types of expected along-track separation E(B) considered by [5] are a deterministic constant
value, and the expected value of a Poisson process. A justification for the Poisson process is given in
[3]8. Consider a hypothetical random variable H;, taking the value 1 if aircraft pair j conflict with each
other and zero otherwise, with P(H; = 1) = p; < 1. Then consider the sum of H; for all h possible
aircraft pairs that are at the same altitude and assume the H; are mutually stochastically independent.
In the limit, the total number of conflicts (the sum of all ;) is a random variable approximating a Poisson

distribution with intensity \ = Z.J;'f D;-

5Technically, a loss of separation, but for flows with constant heading and speed, a conflict - which is a a predicted loss of
separation - will inevitably turn into a loss of separation.

6[5] treats the equivalence of conflicts and collisions in a special note in their work.

7If flow management has lead to a uniform spacing of aircraft, the result is the same; then the expectation operator in E(Bfiow)
collapses to this uniform spacing, which is then a deterministic value

8[5] refers to [3] when discussing collision rates, stating that the conflict probability equation used by [3] (arriving at a formula
for the time between conflicts) is a special case of the collision rate equation (similar to Equation 2.9)
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2.2.8. Conflicts within flows (overtake conflicts)

Apart from conflicts between flows, conflicts within flows need also be considered. These within-flow
conflicts can occur when the speed of aircraft within a flow are not all equal. Under cruise conditions, the
optimal airspeed may differ substantially for different aircraft. In the terminal airspace, ATC requests
for specific speeds are not uncommon, which can reduce these type of conflicts. However, when
aiming for Continuous Descent Operations (CDO), different aircraft fly different speeds (depending on
type and weight) so overtake conflicts may need to be incorporated. [3] discusses these overtaking
conflicts under the assumption that the airways are long, arriving at the conclusion that the average
number of overtake conflicts 'represents the number of times aircraft would collide with each other if the
controller did not take corrective action’. However, for the shorter segments in the terminal airspace, this
conclusion may not necessarily be justified. A further literature review and/or study into the occurrence
of overtake conflicts may be needed at a later stage in the research or in further research.

2.2.9. Flow intensity
The relevant flow properties for conflict counts can be seen from an inspection of Equation 2.10, and
include traffic intensity (\) and speed (1), as well as the intersection angles between flows.

An important aspect in modelling structured traffic is intensity of the traffic. Various sources in
literature assume a Poisson distribution, such as in [5] (without explicit justification, but referring to
[3] which justifies this distribution - see subsection 2.2.7), or [24], showing that when departures are
assumed to follow a Poisson distribution, arrivals also follow a Poisson distribution. [26] criticised this
approach, as airports may have arrival and departure peaks, so that these traffic intensities may vary
throughout the day, and suggested modelling the departure rates as a function of time throughout the
day, and augmenting them with an uncertainty model.

Other properties influencing conflict counts may arise from the simulations described in Section 3.3.

2.3. Clustering flight tracks in terminal airspace

When a new airspace design is developed, flows may be defined by the instrument departure and arrival
routes. However, in the analysis of an airspace design and for a realistic development of the proposed
capacity estimation, especially for an airspace concept where vectoring is applied, an alternative means
of grouping traffic is needed. The next section details the choice of a grouping (or ’clustering’) technique.

Different approaches to clustering flight track data have been proposed. Most of them involve two
separate steps:

1. convert the input data to a set of features for each track, and

2. subsequently cluster these sets of features.

This section outlines two frequently used clustering algorithms, followed by an overview of ways to
convert input data into features.

2.3.1. Clustering algorithms

Two frequently used algorithms for this clustering task are DBSCAN and k-means. DBSCAN (Density-
based spatial clustering of applications with noise) [2] identifies points in a high density region by finding
collections of points having a minimum number of min Pts (the first hyperparameter) which are a max-
imum distance ¢ (the second hyperparameter) away. (Points that satisfy the ¢ criterion but themselves
do not have minPts other points are said to be directly reachable and are included). All these distinct
collections of points are separate clusters; points not in a cluster are classified as noise. These points
need not be location data, since in that case two distinct but crossing tracks could be classified together
(depending on the hyperparameters); the clustering can be applied to inferred parameters of tracks.

In DBSCAN the number of clusters is a result of the clustering algorithm; for k-means clustering, it
is an input (hyperparameter k). k-means clustering paritions a dataset into & partitions centered around
cluster means or centroids. The necessity for a priori specification of k is a downside for the current
application, as the number of clusters may not always be clear. This is sometimes overcome by trying
multiple values of k and optimizing for some cost function, such as in [4].

2.3.2. Turning points as waypoints
[9] presented two methods. The first method uses turning points as feature; this is shown in Figure 2.3.
The first step is extracting turning points from flight tracks, see Figure 2.3a. Next, similar turning points
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are clustered (see Figure 2.3b) by applying either k-means or DBSCAN as a clustering algorithm. A
combination of one or more turning points in a cluster is considered as one way point. Then, each flight
track is considered as a sequence of these way points, possibly of different length. Finally, trajectories
are clustered together by considering the longest common subsequence and generating clusters of
sequences. The result is shown in Figure 2.3c, where each color represents a cluster.

2.3.3. Principal Component Analysis
The second method considered (see also Figure 2.4) used the (z,y, z) positions of flight tracks and
resampled all tracks to a vector of length n (in [9], n = 50), augmented with other features (distance
from a center point providing rate of convergence; distance from top left corner representing symmetry;
angular position providing information about the overall location of the trajectory; and heading of the
aircraft providing information about straight or curved trajectories). Then, the dimensionality is reduced
by performing a Principal Component analysis and projecting each trajectory on the first p Principal
components, resulting in a vector of length p for each trajectory. Finally, these vectors are clustered
using DBSCAN. This approach was an improvement to [4], which proposed a similar algorithm but did
not augment the trajectories and used k-means clustering instead of DBSCAN.

It can be seen in Figure 2.4c that a lot of outliers are present, which is unwanted for the current
research, since these still contribute to conflicts.

2.3.4. Spectral clustering

In [7], Enriquez and Kurcz argued that PCA may not always capture local or nonlinear characteristics
and that the choice of features for augmenting the data matrix can seem arbitrary, which is one of their
arguments for using spectral clustering. They proposed an algorithm based on spectral clustering. It
starts by resampling the n flight track position data to length m, and considers similarity by calculating a
square adjacency matrix W. Element W; ; encodes the similarity between track z; and = ; by computing

x;—x ;|2

a Gaussian kernel, i.e. W, ; = e%, where z; is an (m,2) matrix of (z,y) records and ¢ is a
scale parameter, controlling the width of the neighborhoods. The authors note that the effect of time
parametrization and Euclidation distance is that flights of similar lengths will be clustered together;
consider two similar tracks where one aircraft flew a holding pattern and the other aircraft did not - the
similar (z,y) positions will be at different (relative) timesteps resulting in dissimilarity.

The resulting adjacency matrix W has values ranging from zero for completely dissimilar tracks
to one for completely similar tracks. W is then recursively partitioned in two submatrices in each step
based on the sign of the elements in the Fiedler vector of W [8]. In this way, each partition has maximum
similarity within a group, and minimum similarity between groups. A stopping condition can be e.g.
comparing the partition variance wyartition = var (Wpariition) against a threshold variance wy,;,. An
illustration of the resulting partitioning is shown in Figure 2.5 for a large scale (entire flights); applicability
extends to the terminal area.

This spectral clustering has been extended to obtain temporally persistent flows, flows persisting
across the time dimension (e.g. multiple days), by running the the algorithm on multiple periods (e.g.
days) and computing the nominal tracks of each cluster in each period. These nominal tracks are then
used as an input for the same clustering method (possibly with different hyperparameters, e.g. inputs
to the stop condition) [6]. In this way, weeks or months worth of data can be analysed at a reduced
computational cost (compared to aggregating all input data and using just one clustering step)®. An
additional advantage is that 'outlier’ days can be identified and dealt with - either to remove this as
‘noise’, or to study those outliers specifically.

2.3.5. Choice of clustering method

For the current research the spectral clustering method is selected: it achieves good results given the
vectoring nature of tracks in e.g. the terminal Schiphol airspace, where a lot of different tracks exist, and
clustering them based not only on spatial proximity but also similar path lengths achieves a relatively
large number of flows but with a small spread. Additionally, the parallel approaches of runways that
are less than the nominal separation minimum together should be clustered separately, which calls for
more (and narrower) clusters. The flexibility in stopping conditions is an additional advantage.

9The similarity matrix has dimension (n, n) so the required computational resources grows with O(n?)
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Figure 2.5: Clustering based on similarity. The grids represent longitude-latitude position data of flight tracks. Every level
shows a subdivision of flight tracks. Figure taken from [7]



Methodology

In this chapter, the methodology for the research is presented. The experimental setup is explained in
Section 3.1, containing and explaining the steps of the flowchart (Fig. 3.1). It outlines the need for a
simulation framework, which is expanded on in Section 3.2. The relationship between flow properties,
conflict counts, and capacity is discussed in Section 3.3. A final step in the methodology is putting the
research to the test in a case study, which is explained in Section 3.4.

3.1. Experimental setup

An overview of the experiment setup is presented as a flowchart in Fig. 3.1. It consists of inputs (ovals
on the top), steps (chevrons), processes (collections of steps), and (intermediate) results (rectangular
boxes).

Raw ADS-B data is captured and pre-processed, producing flight tracks (Section 3.1.1). Addition-
ally, this data is used for a replay to obtain the (total sum of) real data conflict counts.

The flight tracks are clustered: first they are checked against the airspace definition (discarding
the parts of the tracks that are not in the airspace under consideration) and the minimum track length (a
clustering parameter). Tracks parts within the airspace and of sufficient length are grouped on similarity
by the clustering algorithm described in Section 3.1.2, producing noise (which is discarded) and flows.

Three things are done with these flows:

i the temporal flow properties are obtained by analysing the temporal behaviour in the flow.
These are needed as an input to the simulation;
i the flight tracks are simulated to obtain simulation conflict counts (Section 3.1.3);
i the flow properties knowledge is used to extract flow properties influencing capacity, which are in
turn used as an input to predict conflict counts, producing an analytical conflict count prediction
(Section 3.1.4).

The simulation conflict counts and the analytical conflict count predictions are compared
for verification purposes (are the flow properties predicting the simulation conflict counts. Finally, the
validation is performed by comparing the real data conflict counts against the analytical conflict
count prediction: are the predicted conflict counts from extracted flow properties representative of
the actual conflict counts? (Section 3.1.5)

The remainder of this section describes the processes in more detail.

3.1.1. Data acquisition

Flight tracks are obtained from processing ADS-B data; surveillance messages (containing position,
altitude, and under some conditions also other data such as velocity and heading) broadcast by aircraft
were received on a receiver in Delft, The Netherlands, and processed using a Python module. Both
the data acquisition and the processing are described in [27]. Data is available for the entire month of
Januari, 2018.
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The airspace definition is obtained from data in the Dutch AIP (Aeronautical Information Package')
and parsed into a Python GeoPandas object.

Flight tracks are converted into GeoPandas objects as well: for each track, the intersection of
the track points with the selected airspace objects is used. The track points are converted from lati-
tude/longitude to a 2D projection centered around center of the airspace under consideration, to prevent
the clustering algorithm from having a bias towards proximity in longitude at higher latitudes.

3.1.2. Clustering

The spectral clustering algorithm described in Section 2.3.4 is applied to the pre-processed flight tracks.
The parameters of this algorithm need to be determined: what are suitable stop conditions (under which
conditions are flight tracks categorised as an existing cluster, a new cluster, or as noise), but also the
inputs (apart from the minimum track length, also which states are to be included; it is possible to
include not only 2D position information, but also altitude, velocity or heading data).

3.1.3. Conflict count simulation

The flows obtained from the clustering algorithm are simulated using the simulation framework de-
scribed in Section 3.2, to obtain both the conflicts within aircraft in that flow, as well as the conflicts
between different flows. Apart from the spatial information of the flow (mean track, some measure of
the spread around this mean), the temporal characteristics need to be known as well: at what rate are
aircraft arriving in the flow?? Additionally, the time of day when a flow is used may also need to be
considered: if two flows are separated in time (think of e.g. night arrivals versus day arrivals), they may
be conflicting spatially, but those conflicts should not be counted since they would not occur in practice.

3.1.4. Conflict count prediction

Parallel to simulating the conflict counts, they should also be predicted from flow properties; the main
theme of this research. This involves finding the relevant flow properties that have an effect on capacity,
as well as how that influence on capacity can be quantified for that property. This is based on the theory
of Section 2.2.5, and is treated in more detail in Section 3.3.

3.1.5. Verification & Validation

The simulation conflict counts are compared to the predicted conflict counts to assess the consistency
of the method: are the right properties used under the right mathematical relationships? Additionally,
the analytical predicted conflict counts are compared to the replay conflict counts to verify that the
model is accurately predicting the total conflict counts. To remove the effect of controller deconfliction
in the datasets, a sampling trick may be required: either implementing a time offset, or using a random
combination of tracks in certain days, or perhaps altering the altitudes of the aircraft to obtain a 2D-
simulation. The comparison between this (modified) replay and the analytically predicted conflict counts
can be used to perform a final validation: are the conflicts accurately predicted by the model?

3.2. Simulation framework

The requirements on the registration of conflict counts are different for the cases of structured and
unstructured airspace. In the work of Sunil [28], the BlueSky ATC Simulator [12] was used and the
conflict count of the entire experiment region for the entire experiment duration was used. However,
for the current research the conflict counts between specific flows needed to be available.

At first, BlueSky was used with the addition of the built-in conflict logger; all flows had a flow identifier
contained in their callsign, and a post-processing of the conflict log was used to determine the conflicts
per flow. This post-processing was developed in Python using a Test-Driven Development approach.

During this development it became apparent that the conflict logger did not provide consistently
accurate conflict counts. For example, when aircraft A and B are in conflict, both aircraft should register
a conflict: aircraft A should register a conflict with aircraft B, and aircraft B with aircraft A. Either the
number of aircraft pairs that have a conflict can then be extracted, or the number of total perceived
conflicts by all aircraft; these should differ by a factor of exactly two.

'See https://www.lvnl.nl/informatie-voor-luchtvarenden/publicaties-voor-luchtvarenden; TMA/CTA definition
is described in ENR 2.1; CTR definition is described per airport in AD 2.17 per airport
2If holding patterns exist the time spent in the flow will also be important, but this is outside of the scope of the current work.
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However, not all conflict pairs were registered: sometimes aircraft A did show up as having a conflict
with aircraft B, but not vice-versa. Additionally, when multiple aircraft were in conflict in the same
simulation timestep, these entries could be scattered in the conflict log, and no reliable method was
found to ’re-pair’ the aircraft conflict entries. And sometimes, two aircraft would have a conflict in a
certain timestep, then no conflict in the next, and again a conflict in the timestep after that one. All this
prevented a reliable measure of the conflict counts between certain flows.

3.2.1. Measuring conflicts between flows

These problems, in context with the hassle of generating traffic flows in python, converting them to
BlueSky input files, running the simulations, extracting the conflict logs, the work-around with callsigns
to assign flow identifiers, and analysing the conflict logs, prompted the development of a simulation
framework that could reliably generate traffic in flows and measure the conflict counts between them.

This custom simulation framework was developed in Python, again using a test-driven development
approach. It has an aircraft as a basic entity, with a position, altitude, track, groundspeed, altitude and
vertical speed. These can be updated during the course of the simulation; additionally, aircraft can be
activated and deactivated; only active aircraft have their position updated and their conflicts counted in
a simulation timestep. This active/inactive property of aircraft allows an efficient generation of a group
of aircraft with similar or identical initial properties, but with different activation times. In this way, the
(stochastic) arrival of aircraft with similar properties in a certain airspace can be simulated.

Several aircraft can be combined into a flow. Conflicts are counted between flows and separately
for within a flow. Within a flow, a triangular, binary matrix registers for all pairs of aircraft within that
flow whether or not a conflict has occurred over the course of the simulation. Between flow A and flow
B, each with m and n aircraft, respectively, a binary, triangular matrix of size (m,n) registers whether
or not aircraft A; and B; have been in conflict during the simulation. These boolean conflict properties
can be aggregated to integer conflict counts within a flow and between flows. In this way, an efficient
and robust measure of the conflicts is available, ensuring a no-duplicate conflict count.

A graphical interface is available to visualize the simulation. Location, speed vector, flow member-
ship and conflict state of aircraft can optionally be visualised, to enable visually inspecting the correct-
ness of the simulation and the conflict states. An example is given in Section 3.3.1 (Fig. 3.2).

3.2.2. Stochastic element

A conflict count model needs a stochastic element, since it relates aircraft count to conflict count by
means of a conflict probability. The experiments of Sunil involved simulating aircraft starting and ending
at random locations within a certain region; to keep the traffic density constant, “aircraft were introduced
into the simulation at a constant spawn rate” [28, Section 3.5.2] related to the average speed and trip
distance of aircraft.

This approach cannot be used for structured airspace, since the goal of the current research is to
find the conflict counts for groups of aircraft with paths between similar entry and exit points. If constant
spawn rates are used together with similar paths, conflicts probability practically reduces to a function
of the spawn rates and time difference between the first spawn occurrence for two flows. Additionally,
a constant spawn rate is not a realistic assumption for structured airspace.

As a result, the deterministic and stochastic aspects are interchanged for a structured airspace
experiment: the path aircraft in a certain flow take is predetermined, but their spawn times are randomly
distributed according to an appropriate probability distribution function. As discussed in Section 2.2.9,
a Poisson distribution is frequently used in literature. For modelling conflicts between two relatively
homogeneous flows, a constant Poisson distribution per flow is a fair assumption. However, when
actual traffic data is used, a check on the intensities will need to be performed to see if this assumption
holds. Another possibility is subdividing traffic flows so that each subset has a Poisson parameter
accurately describing the arrival intensity in that subset, and including them in simulations only during an
appropriate time interval. When this is done throughout the simulation window based on the observed
occurrences of these subsets, departure and arrival peaks can also be included in the model.

3.3. From flow properties to capacity

A major part of this research is developing the relationship between flow properties and capacity, so
the "Analytical conflict count prediction” process in Fig. 3.1 needs to be expanded upon.
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3.3.1. Influence of flow properties on conflict counts
The conflict rate of intersecting flows was discussed in Section 2.2.6, and the formula obtained there
is repeated here for clarity:

25n/V2 + V2 — 2ViVjc0s(a)

C= P(vertical overlap) (2.10 repeated)

iV

5 sin(a)

This suggests that the conflict rate depends on the separation requirement S, (usually 3 nautical
mile in the terminal airspace), the (average) flow speeds V; and V;, the flow intersection angle . and the
flow spawn rates A; and ;. To verify this relationship, an experiment is performed where the conflicts
between two intersecting flows are measured for certain flow speeds and intersection angles, which are
varied. To minimise computational overhead, the simulation framework of Section 3.2 is used where
several flows are created, originating on points of a circle every §0 and flying radially inwards; see
Fig. 3.23. Aircraft are spawned on the points of this circle based on a Poisson process with intensity
. To remove transient effects, the resulting conflicts between pairwise flows are only counted after a
set-in period, and measured for a preset measurement time during which new aircraft keep spawning.
The resulting conflict counts are normalised for the measurement time window to obtain conflict rates,
and then aggregated based on flow characteristics so that the results can be averaged. For instance,
if flows exist at § = 0,10, 20, 30, ... ° and all have the same speeds, for o = 10° the collisions between
flow 0 and 10 °, 10 and 20° and so on are collected.

More formally, consider the conflict rate C' as a function of its variables:

QSh\/Vf + V7 - 2ViVjcos(a)
C=0C(a,V1,Va, A1, X2, 8h) =

_ P(vertical overlap (3.1)
‘A’—z%sin(a) ( )

Then, N flows are simulated, with flow n having properties (6,,, V,,, \,.), and the measured conflict
rates between flows i and j are measured to be C;{j;e‘ww'”i (for both s and 5 in 1,2,3,...,N). The
resulting measured conflict rate function C™¢?su7<4( ) is obtained by summing and averaging* for equal
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Figure 3.2: Verifying conflict rate equation by measuring conflicts between flows at varying angles. All situations are still in the
set-in phase. Planes are represented as circles with speed vectors, legend names are based on their flight angle. The (z, y)
plane represents spatial coordinates in nautical miles.

As an example, the ratio of observed conflicts to predicted conflicts is shown in Fig. 3.3. It shows
that the ratio of observed to predicted conflict rates is rather invariant to «, except for effects at the low
and high angles. These edge cases still need to be investigated.

Repeating this process for the other parameters verifies or rejects Equation 2.10; additionally, this
can be used to find insight into the sensitivity of the collision rate to the input variables.

3In essence, this is a shortcut for repeatedly running the simulation for pairs of flows
4The division by two is to prevent (i, ;) and (4,4) pairs from being counted double; alternatively, the top two lines of the
summation expression could include the condition that i < j.
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Figure 3.3: Ratio of observed/predicted conflicts for varying «. Top graph shows the scatter plot, bottom graph shows the
boxplot of the same data.

3.3.2. Relation between conflict counts and capacity
Once a function relating flow properties to conflict counts has been found, the final step of the method-
ology would be to relate this to the capacity. More specifically of interest is when the conflict counts
are such that the airspace is saturated and a higher volume of conflicts could not have been dealt with,
leading to the use of air traffic flow management tools or holdings. Note that a full relationship between
conflict counts and capacity may not be needed; if the conflict counts can reliably predict air space
saturation, that may already be sufficient.

However, the identification of airspace saturation could require a substantial amount of extra work,
and may therefore be left as a recommendation for future work.

3.4. Case study

Finally, to show the relevance of the research, a case study will be performed. This involves the se-
lection of a baseline scenario, identifying high-conflict flows, develop a scenario where these flows are
changed, predicting the change in conflict counts, and comparing the conflict counts of both scenarios
in a fast-time simulation in BlueSky. Meaningful measures for high-conflict flows and the prediction for
the change are dependant on the further insight developed by performing the previous experiments in
this chapter, and as such are not specified at this stage. They will however be specified before the start
of the case study.



Overview of experiments

Having discussed the theoretical background and methodology in previous chapters, this chapter gives
an overview of the sub-experiments in Section 4.1, as well as a planning for the remaining work.

4.1. Sub-experiments

From the previous chapters, it follows that several sub-experiments need to be performed. These are
described in this section.

4.1.1. Clustering

The output of the chosen clustering algorithm depends (apart from the input data) on:

CL, Scale parameter o, influencing when flight tracks are considered similar;
CL, Stop condition
C'L3 Aircraft states to include in the clustering algorithm

The output is:

1. a set of clusters
2. noise

A qualitative analysis' of varying choices for CL;, CL,, and CL3z will be carried out to find suitable
combination. Early results suggest that the scale parameter is crucial for separating flights in the parallel
approaches at Schiphol. There is also an interaction between C'L; and C' L3, since the scale of different
variables may be different; it may be needed to apply a weighing function to the clustering variables.

4.1.2. Analytical conflict count simulation and prediction

Formula verification

The heart of the research is the analytical conflict count prediction. The verification of the relationships
between flow properties and conflict counts, as described in Section 3.3.1, needs to be carried out for
each type of input variable:

AP, Flow intersection angle «
AP, Flow speed V

AP; Flow intensity A

AP, Separation requirement Sy,

This is done by a set of experiments, in each setting one of the variables as the independent variable,
and the others as control variables at fixed values. These situations are simulated and their measured
conflict counts (Equation 3.2 for variable AP, and the analogous conflicts for the other variables) are

"Note that a full, quantitative analysis of the choices are outside of the scope of this thesis work.
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compared to the results of performing the calculation (Equation 3.1). The ratio of these functions should
be close to one for a wide range of the varied variable. If this the case for all but the edges of certain
intervals, these intervals can be used as an indication of the range of validity of the prediction.

More formally, several iterations of the Kruskal-Wallis test [17] are run, starting at the full range and,
if necessary, reducing the range, such that the largest consecutive range of the input variable yields no
dominance for one specific group. The resulting consecutive range can be interpreted as the range of
values for which the model is valid and as such represents a restriction on the validity of the model.

Realistic flow scenarios

Parallel to establishing the type of relationship and the regions of validity, flow pairs from the clustered
flight tracks are obtained. First, the flow properties need to be checked against the region of validity
for the respective properties; if a substantial number of samples fall outside of the region of validity, an
extension of the validity region may need to be made. Then, their conflict counts are predicted analyt-
ically and obtained from the same simulation framework. Comparing these establishes the validity of
the prediction for realistic flow scenarios.

An item of attention is the spread in a flow. [5] assumes a uniform distribution along an airway
of a certain width, but this width cancels out in the conflict count prediction formula. If the spread is
non-uniform in the flow cross-section, the effect of violating this assumption needs to be studied; it may
be needed to add a correction factor for flow width, or more generally, for the probability distribution of
traffic along the flow cross-section.

4.1.3. Validation to simulation replay conflict counts

Once the previous experiments have finished, the validation of the method is performed, see Fig. 4.1.
After a scenario selection, consisting of selecting a time period and artificially altering the the flight track
data to remove the effect of deconflictive controller action. The real data conflict counts are obtained
from a BlueSky replay and compared with the analytically predicted conflict counts obtained from the
clustering and prediction routine. The result of this experiment is a conclusion on the validity of the
method, optionally aided by an analysis of the sub-results from different clusters.

Scenario . -
Raw ADS-B data Flight tracks Alter timing

N Real data

% Replay 7 conflict counts l

i Validation >

A

Analytical conflict ) Analytically predicted

—>»Clustering —>» -~ X
count prediction conflict counts

Figure 4.1: Flowchart of the validation procedure

Removing the effect of deconflictive controller action

Artificially altering the flight track data to remove the effect of deconflictive controller action is nontrivial,
but a complete analysis of the best way to do this is outside the scope of this research. Instead,
simulations of real data conflict counts will be performed for different realisations of the stochastic
controller-action-removing procedure, and an average of the resulting conflict counts will be used. The
most appropriate stochastic procedure is selected by repeating this for the procedures mentioned in
Section 3.1.5, and selecting the procedure with the lowest spread.

4.1.4. Case study
The final experiment is a case study, as mentioned in Section 3.4. A flowchart can be seen in Fig. 4.2.
Similar to the validation procedure, a scenario is selected, flight tracks are obtained, and their timing is
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altered. They are clustered and their conflict counts are analytically predicted. But in the case study,
high conflict counts flows (or flow pairs) are identified, and by analysing their properties, the reason
for these high conflict counts is determined. By altering these flows (either changing the flight path,
changing speed, altering the geometry of the intersection, or spreading out flow intensity) to parameters
that predict lower conflicts, an improved scenario is obtained. The analytic results and a replay of this
improved scenario are determined and compared to the baseline scenario in the final step of the case
study.

Raw ADS-B data Scenario Flight tracks Alter timing > Basline scenario
selection

Analytical cpn_flict ) Analytically predicted
count prediction conflict counts

—>»Clustering —>»

Analytical conflict
count prediction

Reola Real data improved
play conflict counts

Figure 4.2: Flowchart of the case study

Analytically predicted
improved conflict counts

Improve high- N Improved
conflict flows 7 scenario

4.2. Planning
Finally, the planning for the remaining work is set out by means of a work breakdown structure, a
description of the remaining work, and a Gantt chart.

4.2.1. Work breakdown structure

The work breakdown structure from the Project Plan, revised and reflecting which work has already
been completed, is shown in Fig. 4.3. The orientation phase is completed, the software has mostly
been written and verified, and this report marks the end of the preliminary research phase.

4.2.2. Remaining work
The work that still needs to be done is subdivided into the Detailed Research Phase and the Final
Phase:

Detailed Research Phase (DRP)
DRP-1 Choose the hyperparameters for the clustering algorithm
DRP-2 Extract predictive flow properties (temporal and spatial) from clustered flight track data
DRP-3 Verify & validate relationship between flow properties and conflict counts

DRP-3(a) ...for a range of artificial flow properties

DRP-3(b) ...for clustered flow pairs

DRP-3(c) ...for a combination of clustered flow pairs
DRP-4 Perform the case study

After the research phase has been completed, the research paper and thesis report need to be written
and the thesis presentation (contingent on the green-light review) needs to be prepared and given.

Final Phase (FP)
FP-1 Write research paper
FP-2 Achieve green light
FP-3 Write & hand-in thesis report
FP-4 Hold thesis presentation & defence
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Orientation

phase

\_| Literature review on
conflict count models
Literature review on
flight path clustering |

Software
construction phase

Preliminary

reserach phase

Obtain and process |
ADS-B data including
airspace selection (G1)

——
Implement clustering
algorithm (G1)

\__| Research Methodologies
& Information Literacy 3

Project plan

Design and verify conflict
count simulation software
G2)

Detailed

research phase

. . ] \__| Choose hyperparameters for
\—| Identify flow properties clustering algorithm (G1)
predicting capacity (G2)
) -
\_| Identify relationship between | Extrac.t predictive flow
properties and capacity (G2) properties from clustered
flight track data (G1)
Preliminary thesis Verify & validate relations
-

report

between properties and conflict
counts (G3)

Perform case study (G4)

r

(

Final phase

Research paper

Thesis report

Figure 4.3: Work breakdown structure. G1 through G4 refer to the research goals. The green checkmarks indicate what work

4.2.3. Gantt chart
A Gantt chart relating the remaining work of the previous subsection is included in Appendix E.

has already been completed
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Unpredicted conflicts

A.1. Separate days

(a) Cluster 21 (b) Cluster 22

Figure A.1: Conflicts between Jan 2, clusters 21 and 22 (28 conflicts)
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n=69, mean=0.2512, std=0.2096 n=43, mean=0.2630, std=0.2382

(a) Cluster 9 (b) Cluster 32

Figure A.2: Conflicts between Jan 4, clusters 9 and 32 (15 conflicts)

O o
32
O o
32
2550ft
O
2525ft
Q
5800ft 4850ft
pE 2900ft
5150ft
Ve 5ft 7875ft
D g
(a) Conflict. The bottom-left cluster 9 aircraft has a (b) One minute later, no conflict. The bottom-left cluster
vertical speed of -576 feet/hour, the orange cluster 32 9 aircraft has a vertical speed of -1856 feet/hour, the
aircraft has a vertical speed of +1664 feet/hour. orange cluster 32 aircraft has a vertical speed of +2944
feet/hour.

Figure A.3: Example of conflicts between Jan 4, clusters 9 and 32. Only 2 conflict pairs had conflicts that lasted for longer than
one minute.
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48

n=39, mean=0.2924, std=0.2327 n=43, mean=0.2630, std=0.2382

(a) Cluster 11 (b) Cluster 32

Figure A.4: Conflicts between Jan 4, clusters 11 and 32 (9 conflicts)

A.2. Combined days

n=87, mean=0.2740, std=0.1835 n=28, mean=0.4116, std=0.2252

(a) Split 2, cluster 4 (b) Split 2, cluster 26

Figure A.5: Conflicts between clusters 4 and 26 (12 conflicts)
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n=21, mean=0.3966, std=0.2498 n=48, mean=0.3307, std=0.1886

(a) Split 1, cluster 28 (b) Split 1, cluster 29

Figure A.6: Conflicts between clusters 28 and 29 (11 conflicts)

n=15, mean=0.5463, std=0.2038 Nn=60, mean=0.3065, std=0.1887

(a) Split 1, cluster 26 (b) Split 1, cluster 40

Figure A.7: Conflicts between clusters 26 and 40 (10 conflicts)
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n=30, mean=0.4131, std=0.1823 n=11, mean=0.6318, std=0.1829

(a) Split 2, cluster 8 (b) Split 2, cluster 25

Figure A.8: Conflicts between clusters 2 and 25 (5 conflicts/hr)

A.3. Conflicts within flows

Note that the between-flow-conflict-detection has been turned off so that these plots only show within-
flow conflicts.
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(a) Cluster tracks (b) Final approach conflict (c) Between final approach and other.
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Figure A.9: Conflicts within clusters 7 (Jan 4); 24 within-flow conflicts total
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Figure A.10: Conflicts within clusters 38 (Jan 1); 17 within-flow conflicts total
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Figure A.11: Two conflicts: one on final approach, another multi-conflict where the left aircraft has a conflict with two other
aircraft of the same flow
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Figure A.12: Combined days: conflicts within flows



B.1. Unaltered

Comprehensive replay results

Days: Jan 1, 2, 4, 5; 2018 (replayed separately per day, then summed)

B.1.1. Day-by-day, S,=3, 5,=1000, #,=5

Table B.1: Day-by-day, S, =3, S,=1000, ;=5

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 155 30
unclustered-unclustered 4 2
clustered-unclustered 155 47
all_av 22 0
diverging_av 580 13
none 1863 158
cross_la 82 18
Cross 126 19
converging_la 66 36
converging_av 207 133

125
2
108
22
567
1705
64
107
30
74
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Figure B.1: Conflict counts and rate prediction, all types. Day-by-day, S;,=3, S,=1000, t;=5
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Figure B.2: Conflict rate prediction for converging_av type. Day-by-day, S,=3, S,=1000, ¢;=5

B.1.2. Day-by-day, S,=3, S,=1000, ;=10

Table B.2: Day-by-day, S;,=3, S,=1000, t;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 155 54
unclustered-unclustered 4 4
clustered-unclustered 155 72
all_av 22 0
diverging_av 580 25
none 1861 232
cross_la 80 13
cross 126 20
converging_la 70 42
converging_av 207 154

101
0
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22
555
1629
67
106
28
53
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Figure B.3: Conflict counts and rate prediction, all types. Day-by-day, S}, =3, S, =1000, ¢;=10
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Figure B.4: Conflict rate prediction for converging_av type. Day-by-day, S,=3, S,=1000, ¢;=10

B.1.3. Day-by-day, S,=6, S,=1000, ;=10

Table B.3: Day-by-day, S;,=6, S,,=1000, t;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 155 51
unclustered-unclustered 4 4
clustered-unclustered 155 97
all_av 63 2
diverging_av 970 184
none 1416 238
cross_la 68 22
cross 177 46
converging_la 68 43
converging_av 184 154
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46
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25
30
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Figure B.5: Conflict counts and rate prediction, all types. Day-by-day, S}, =6, S,,=1000, ¢;=10
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Figure B.6: Conflict rate prediction for converging_av type. Day-by-day, S,=6, S,=1000, ¢;=10

B.1.4. Day-by-day, S,=6, S,=2000, ;=10

Table B.4: Day-by-day, S}, =6, S,,=2000, t;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 155 51
unclustered-unclustered 4 4
clustered-unclustered 155 102
all_av 68 2
diverging_av 968 200
none 1398 254
cross_la 56 19
cross 198 56
converging_la 53 43
converging_av 205 160
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Figure B.7: Conflict counts and rate prediction, all types. Day-by-day, S}, =6, S,,=2000, ¢;=10
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Figure B.8: Conflict rate prediction for converging_av type. Day-by-day, S,=6, S,=2000, ¢;=10

B.2. Combined days
B.2.1. Combined days, 5,=3, 5,=1000, #,=5

Table B.5: Combined days, S;,=3, S,=1000, ¢;=5

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 72
unclustered-unclustered 4 4
clustered-unclustered 163 88
all_av 18 5
diverging_av 567 145
none 2100 261
cross_la 92 37
cross 155 78
converging_la 111 63
converging_av 218 151
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Figure B.9: Conflict counts and rate prediction, all types. Combined days, S;,=3, S,=1000, t;=5
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Figure B.10: Conflict rate prediction for converging_av type. Combined days, S5,=3, S,,=1000, ¢;=5

B.2.2. Combined days, 5,=3, 5,=1000, ¢,=10

Table B.6: Combined days, S;,=3, S,=1000, ¢;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 87
unclustered-unclustered 4 4
clustered-unclustered 163 108
all_av 18 6
diverging_av 567 154
none 2083 340
cross_la 104 47
cross 155 85
converging_la 116 70
converging_av 218 164
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Figure B.11: Conflict counts and rate prediction, all types. Combined days, S;,=3, S,=1000, ¢;=10
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Figure B.12: Conflict rate prediction for converging_av type. Combined days, S;,=3, S,,=1000, ¢;=10

B.2.3. Combined days, S5,=3, 5,=2000, ¢,=5

Table B.7: Combined days, S;,=3, S,,=2000, ¢;=5

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 72
unclustered-unclustered 4 4
clustered-unclustered 163 96
all_av 18 5
diverging_av 567 159
none 2081 268
cross_la 66 31
cross 196 105
converging_la 96 57
converging_av 237 160

91

0

67
13
408
1813
35
91
39
77




B.2. Combined days

66

Overlap type

Number of flow pairs

within-cluster
unclustered-unclustered
clustered-unclustered
all_av

diverging_av

none

cross_la

Cross

converging_la
converging_av

mm Conflicts
I Flow pairs

T
250

T
500

T
750

T T T T T
1000 1250 1500 1750 2000

0
Number of conflicts
within-cluster | =—ODEDE@D
unclustered-unclustered +— 3 s}
o clustered-unclustered +—E——— @00 O @@ 0 Q0O
= all_av 85—
o diverging_av +— 40000 0 0O
s none | DO O 0O © &
o cross_la +—E——— e} Lot 6]
o cross 4 —/——+ 000000 s} o] o
converging la + =—+—+ © e} fe}
converging_av { ——1 — o O @O O O
0 1 2 3 4
Conflict rate [1/h]
Ratio per overlap type
3.0
10 4 —=- Theoretical ’ -+
. ’ o o
+ converging_av P
. converging_ la )/ 2.5 1
= 84 . coss ’
= 0]
= *  Cross_la r =
o . u 2.04
2 g ; % 4
g 4 >
= + 5 15 o] |
=) - * ! [ab]
- 4 - e !’ + E
A A 3 L0
m + E 1.0
= ; B
E 2 - h:*;.,.,""... e -
* * 0.5 =
? e, T
er % .
0 4%
T T T T T 0-0 T T T T
0.0 2..5 S.Q 7.5 10.0 & \? @t,‘v -:,."}J}
Analytical conflict rate [1/hr] _\Sgr @‘{& & é,jv
4"’} 5‘-'2'
s &8

Figure B.13: Conflict counts and rate prediction, all types. Combined days, S;=3, S,=2000, ¢;=5
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Figure B.14: Conflict rate prediction for converging_av type. Combined days, S5,=3, S,=2000, ¢;=5

B.2.4. Combined days, 5,=3, 5,=2000, ¢,=10

Table B.8: Combined days, S;,=3, S,=2000, ¢;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 79
unclustered-unclustered 4 4
clustered-unclustered 163 111
all_av 18 5
diverging_av 567 161
none 2067 345
cross_la 76 32
cross 196 112
converging_la 100 63
converging_av 237 168
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Figure B.15: Conflict counts and rate prediction, all types. Combined days, S5, =3, S,=2000, ¢;=10
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Figure B.16: Conflict rate prediction for converging_av type. Combined days, S;,=3, S,,=2000, ¢;=10

B.2.5. Combined days, 5,=6, 5,=1000, ¢,=10

Table B.9: Combined days, S;,=6, S,=1000, ¢;=10

has_conflicts
overlap_type

Total No. of flow pairs

With conflicts

Without conflicts

within-cluster

unclustered-unclustered
clustered-unclustered

all_av
diverging_av
none

cross_la

cross
converging_la
converging_av

163 98

4 4
163 131

56 29
973 349
1581 341

91 50
247 145
105 67
208 163
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Figure B.17: Conflict counts and rate prediction, all types. Combined days, S;,=6, S,=1000, ¢;=10
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Figure B.18: Conflict rate prediction for converging_av type. Combined days, S;,=6, S,,=1000, ¢;=10

B.2.6. Combined days, 5,=6, 5,=1000, ¢,=10, as events, 5 replications

Table B.10: Combined days, S;,=6, S,=1000, ¢;=10, as events, 5 replications

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 163
unclustered-unclustered 4 4
clustered-unclustered 163 163
all_av 56 56
diverging_av 973 967
none 1581 924
cross_la 91 90
cross 247 247
converging_la 105 105
converging_av 208 208
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Figure B.19: Conflict counts and rate prediction, all types. Combined days, S} =6, S, =1000, ¢;=10, as events, 5 replications
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Figure B.20: Conflict rate prediction for converging_av type. Combined days, S;, =6, S,=1000, ¢;=10, as events, 5 replications

B.2.7. Combined days, S5,=6, 5,=2000, ¢,=5

Table B.11: Combined days, S;,=6, S,,=2000, ¢;=5

has_conflicts Total No. of flow pairs  With conflicts  Without conflicts
overlap_type

within-cluster 163 85 78
unclustered-unclustered 4 4 0
clustered-unclustered 163 123 40
all_av 58 26 32
diverging_av 971 363 608
none 1580 288 1292
cross_la 54 28 26
cross 266 147 119
converging_la 93 59 34

converging_av 239 176 63
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Figure B.21: Conflict counts and rate prediction, all types. Combined days, S}, =6, S,=2000, ¢;=5
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Figure B.22: Conflict rate prediction for converging_av type. Combined days, S;,=6, S, =2000, ¢;=5

B.2.8. Combined days, 5,=6, 5,=2000, ¢,=10

Table B.12: Combined days, S} =6, S,=2000, ¢;=10

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster 163 88
unclustered-unclustered 4 4
clustered-unclustered 163 132
all_av 58 26
diverging_av 971 367
none 1572 353
cross_la 63 32
cross 266 159
converging_la 92 63
converging_av 239 180
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Figure B.23: Conflict counts and rate prediction, all types. Combined days, S, =6, S,,=2000, ¢;=10
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Figure B.24: Conflict rate prediction for converging_av type. Combined days, S, =6, S,,=2000, ¢;=10

B.2.9. Combined days, 5,=6, 5,=2000, ¢,=10, as events, 5 replications

Table B.13: Combined days, S;,=6, S,=2000, t;=10, as events, 5 replications

has_conflicts
overlap_type

Total No. of flow pairs  With conflicts

Without conflicts

within-cluster

unclustered-unclustered
clustered-unclustered

all_av

diverging_av

none
cross_la
cross

converging_la
converging_av

163 162
4 4
163 163
58 58
971 961
1572 925
63 63
266 266
92 92
239 239
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Figure B.25: Conflict counts and rate prediction, all types. Combined days, S} =6, S,,=2000, ¢;=10, as events, 5 replications
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Figure B.26: Conflict rate prediction for converging_av type. Combined days, S} =6, S,=2000, ¢;=10, as events, 5 replications



Additional conflict simulation results

C.1. Low radius or settling time
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Figure C.1: Predicted and simulated conflicts for varying a with Ry = 20 nm and T4 = 1 and Ty = 4.
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C.1.

Low radius or settling time
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Figure C.2: Predicted and simulated conflicts for varying V, with Rg = 200 nm and T4 = 1 and Ty, = 4.
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C.2. Lower groundspeeds
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C.2. Lower groundspeeds
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Figure C.3: Predicted and simulated conflicts for varying V' between 100 and 200 knots, with S;, = 3 nm and
Tsettie = ﬂog = 2.5.



Clustering results

D.1. Days seperately
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D.1. Days seperately 84

D.1.1. 01-01-2018.

All tracks

Figure D.1: All flight tracks, 01-01-2018, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.2: Cluster means and unclustered tracks, 01-01-2018.
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D.1.2. 02-01-2018.

All tracks

Figure D.3: All flight tracks, 02-01-2018, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.4: Cluster means and unclustered tracks, 02-01-2018.



D.1. Days seperately 86

D.1.3. 04-01-2018.

All tracks

Figure D.5: All flight tracks, 04-01-2018, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.6: Cluster means and unclustered tracks, 04-01-2018.



D.1. Days seperately 87

D.1.4. 05-01-2018.

All tracks

Figure D.7: All flight tracks, 05-01-2018, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.8: Cluster means and unclustered tracks, 05-01-2018.



D.2. Days combined
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D.2. Days combined

Jan 1-2, 4-5, split evenly over 4 new scenario’s.
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D.2.1. Scenario 1

All tracks

Figure D.9: All flight tracks, combined days, scenario 1, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.10: Cluster means and unclustered tracks, combined days, scenario 1.
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D.2.2. Scenario 2

All tracks

Figure D.11: All flight tracks, combined days, scenario 2, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.12: Cluster means and unclustered tracks, combined days, scenario 2.
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D.2.3. Scenario 3

All tracks

Figure D.13: All flight tracks, combined days, scenario 3, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.14: Cluster means and unclustered tracks, combined days, scenario 3.
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D.2.4. Scenario 4

All tracks

Figure D.15: All flight tracks, combined days, scenario 4, unclustered.

Cluster means (blue) and unclustered tracks (orange)

Figure D.16: Cluster means and unclustered tracks, combined days, scenario 4.



Planning Gantt chart

(See next page)
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