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TRAJECTORY PREDICTION IN NORTHATLANTIC OCEANIC AIRSPACE
BY WIND NETWORKING

Olga Rodionova, Daniel Delahaye, Mohamed Sbihi, Marcel Mongeau,
ENAC, MAIAA, F-31055 Toulouse, France and Univ de Toulouse, IMT, F-31400 Toulouse, France

Abstract

Aircraft in the North Atlantic oceanic airspace
are subjected to strong winds caused by the Jet
Stream. The flight progress prediction is based on
meteorological data forecast. The roughness in wind
forecast often results in large differences between the
predicted and the actual cruising times. This
increases the uncertainty in conflict detection. All
aircraft are able to perform instant meteorological
measurements. Implementing new technologies
enables exchanging these measured data directly
between aircraft. Thus, an aircraft can obtain
information about winds on its route from preceding
aircraft and adjust its time predictions. This process is
called Wind Networking. As the data obtained with
wind networking is much more accurate than the
initial forecast, the adjusted predictions are much
closer to the reality.

In this work, we perform simulations of the
wind networking process. We compare the results of
applying this approach and the results obtained using
the meteorological forecast in terms of cruising time
prediction and conflict prediction. We observe a
remarkable improvement in the predictions by the
wind networking and we quantify the benefits of
using such an approach.

Introduction

The North Atlantic oceanic airspace (NAT)
accommodates air traffic between two densely
populated areas - North America and Europe.
Aircraft crossing NAT are subjected to very strong
winds caused by the presence of Jet Streams (JSs).
JSs are fast narrow predominantly west-east air
currents mainly located in the upper troposphere that
are caused by a combination of the earth rotation and
atmospheric heating (Figure 1). Two types of JSs are
distinguished in NAT: subtropical JSs raised by the
westerly acceleration of poleward moving air in the
upper tropical circulation and eddy-driven JSs

provoked by the momentum and heat forcing from
transient midlatitude eddies [1, 2]. The speed of the
JS is typically 100 kts (nautical miles per hour) but
can reach 200 kts.
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Figure 1. Jet Stream in NAT!

Air traffic in NAT mainly contributes to two
major flows: the westbound flow departing from
Europe in the morning, and the eastbound flow
departing from North America in the evening.
Because of the time zone differences and passenger
demands, these flows are separated in time. In the
free flight conditions, the eastbound flights would try
to exploit the JS in order to benefit from strong
tailwinds, while the westbound flights would avoid
the JS in order to minimize headwind [3]. As a result
the two main flows are found to be separated in space
as well; thus, they can be treated independently.

There are more than 500 flights crossing the
NAT in each direction daily. As their wind-optimal
routes are very close to each other, the NAT is highly
congested at peak hours. Standard radar-based
surveillance is not available for most part of this vast
airspace. In order to increase efficiency of the Air
Traffic Control (ATC) [4] and to perform conflict-
free flight progress, the concept of parallel flight
tracks known as the Organized Track System (OTS)
was introduced in NAT [5]. Two independent OTS

! Met Office News Blog, https://metofficenews.wordpress.com/ta
g/jet-stream/



for westbound and eastbound flights are constructed
daily based on the minimal-time aircraft routes
depending on the position of anticyclones and jet
winds (Figure 2). Mainly as a result, the eastbound
tracks are located more northerly than the westbound
tracks. The eastbound (night-time) OTS is valid from
0100 UTC (Coordinated Universal Time, hours and
minutes of the Greenwich mean time) to 0800 UTC,
while the hours of validity of the westbound (day-
time) OTS are from 1130 UTC to 1900 UTC.

Figure 2. An instance of the OTS?

The OTS consists of several (from 5 to 8) quasi-
parallel tracks constructed so that the lateral
separation of 60 NM (nautical miles) is automatically
maintained for aircraft flying on adjacent tracks
(Figure 3). Each track represents a sequence of great
circles joining successive significant waypoints
(WPs). The WPs include named points and latitude
crossings of all oceanic ten-degree meridians at
integer degrees of latitude. Most adjacent tracks are
separated by 1° of latitude at each WP. In the vertical
direction, each track consists of several flight levels
(FLs) between FL290 and FL410 inclusive
(Figure 3). The distance between adjacent FLs is
1000 feet, in order to ensure the minimal required
vertical separation.

Currently, about half of NAT flights use the
OTS [5]. An aircraft intended to use the OTS should
enter a predefined track at its entry WP at a
predefined FL and follow this track at the same FL
until any modification of its planned trajectory is
required and authorized. An aircraft can change its
speed (Mach number) or/and its FL only at WPs and

2 Turbulence Forecast, http://www.turbulenceforecast.com/atlant
ic_westbound_tracks.php

only after acquiring the corresponding Clearance
(permission) from the Oceanic Area Control Center
(OACQC) [5]. An aircraft is also authorized to demand
the re-routing from its current track to an adjacent
one, also only at WPs, but this maneuver is very
rarely applied in NAT because of the high traffic
density and the large longitudinal separation
standards [6, 7].

Figure 3. NAT traffic model®

The longitudinal separation (between aircraft
flying on the same track) in NAT is assessed in terms
of differences between actual and estimated times of
arrival at common WPs. It is expressed in clock
minutes. This time-based separation is defined so as
to guarantee the separation minima whenever en
route. According to the current separation standards
(CSS) in NAT [5], two consecutive aircraft following
the same track should be separated at least 10
minutes apart (in some cases this norm can be
reduced down to 5 minutes [8]). In the case of re-
routing of a particular aircraft onto an adjacent track,
an increased longitudinal separation of 15 minutes is
imposed [6] because of the difference in expected
meteorological conditions between the tracks
(Figure 4).

Implementing new technologies [9] (such as the
Automatic Dependent Surveillance-Broadcast (ADS-
B) technology [10, 11]) permits to apply the airborne-
delegated separation to aircraft [12, 13]. This in turns
is expected to lead to a significant decrease of the
CSS [14]. Indeed, the reduced separation standards

% John Grimwade, Information Graphics, http://www.johngrimwa
de.com/D1.html



(RSS) should reach 2 minutes for consecutive aircraft
on the same track, and 3 minutes for re-routing
aircraft [6, 7]. Using the RSS raises significantly the
NAT traffic accommodation capacity and the
efficiency of individual flights by allowing the
aircraft to follow more optimal routes [15, 16]. At the
same time, it needs precise aircraft position
determination and thus, more precise trajectory
prediction.

10 minutes

15 minutes |15 minutes

Figure 4. Longitudinal separation standards

Currently, the flight progress prediction relies on
the meteorological forecast (MF) data (especially,
wind maps). Typically MF data is not sufficiently
precise [17-20] and yields substantial errors in
aircraft trajectory predictions [21, 22]. This in turn
increases the uncertainty in conflict detection and the
difficulty of tactical conflict resolution. At the same
time, all aircraft are supplied with equipment capable
to perform instant meteorological measurements
(temperature, pressure, wind speed) during the flight
[23-25]. Even though such measurements are always
carried out with some inaccuracy [26-28], having the
possibility to use them in wind forecast adjustment
can significantly improve flight predictions [29, 30].

New surveillance and broadcast services
(ADS-B, Flight Information Services-Broadcast
(FIS-B) [31, 32]) allow aircraft to exchange the
measured meteorological data with the ground ATC
and with each other directly en-route (Figure 5).
Thus, an aircraft can obtain recent and more precise
information about winds on its route from preceding
aircraft, and can update its time predictions based on
these data. We call this process: Wind Networking
(WN).

The current work is devoted to evolve and
guantify the benefits of using WN approach in
aircraft trajectory prediction and conflict detection.
First we describe the modeling of the NAT air traffic
situation. Next we discuss more precisely the WN

approach. Finally, the simulation results are

presented followed by the comparison of the two
prediction methods: MF and WN.

Air Traffic V4
.
Control | sssssssess Ll\ Ground Station

Figure 5. New surveillance/broadcast services [31]

NAT air traffic models

This section describes the models we propose
for the NAT air traffic simulations: wind model, OTS
model and flight model. Further modeling of the real
flight progress and its prediction using the MF is
introduced. In this work, we focus on simulating the
NAT eastbound traffic. Westbound traffic can be
treated in the same manner.

Wind model

The quality of aircraft trajectory prediction
depends first of all on the quality of wind prediction.
To evaluate the prediction accuracy, one needs to
compare the predicted wind values with the real ones.
The difficulty is that the real wind is actually
unknown. The forecast wind can be obtained from
meteorological databases. Thus, a large amount of
works devoted to modeling wind for aviation focus
on modeling the deviations of the predicted wind
from the real one [20, 33, 34]. These deviations are
generally given under statistical form [17, 35] that
requires adjusting several parameters. As to our
knowledge there was no precise study similar to [29]
determining the statistical parameters for NAT, we
propose another approach to model both real and
forecast winds, and their deviation.

We rely on the GRIB data files created by the
meteorological  centers (NOAA,  Meteoblue,
FNMOC), which are available online [36]. A GRIB
file consists of several grids coded in a special format



[37]. Each such grid represents a regular grid of
geographical points with maximal resolution of 0.5°,
where various MF data is defined for each point. We
study the area from 35°N to 70°N of latitude and from
0°W to 75°W of longitude, which covers the NAT.
We extract only the u (west-east) and v (north-south)
wind components for each point. Each grid is defined
for a specific time for which the MF is valid (with 3-
hour time step) and for a specific altitude. We
concentrate on the time period from 0000 UTC to
0900 UTC that includes the eastbound OTS validity
period, and on the altitudes 300hPa and 200hPa that
bound the published OTS FLs. We decode the GRIB
files with the open-source java library JGrib [38].

In order to simulate one day of traffic, we rely
on two GRIB files downloaded with time difference
of several (from 18 to 24) hours. We use the data
from the first (the oldest) file as forecast winds. The
second (the latest) file is used to model the real
winds, as its data is more recent and therefore tends
to represent better the reality. Figure 6 displays the
wind fields obtained from the two GRIB files
available for 10 December 2013 at the altitude
200 hPa. The left column corresponds to the forecast
wind; the right column simulates the assumed real
wind. Two time moments: 0000 UTC (upper line)
and 0600 UTC (lower line) are considered in this
example to illustrate the wind evolution. As it can be
seen from Figure 6, the forecast and real wind fields
differ slightly.
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Figure 6. Forecast and real wind fields

GRIB files only provide information about the
winds at discrete grid points. We obtain the
continuous wind fields by linear interpolation over
grids in 4-dimensional space (time, altitude, latitude
and longitude). With current grid resolution the 4D
linear interpolation coincides satisfactorily with the

reality. Remark that most wind models also rely on
such an approach.

OTS model

As the OTS is constructed daily based on the
wind fields, it is important to use wind forecast and
OTS valid corresponding to the same day in the
simulations. The current [39] and the archived [40]
OTS can be found online in free access in the form of
NAT messages. Such messages contain a number of
OTS tracks defined for a particular day, where each
track is represented by a sequence of WPs followed
by a sequence of FLs available for the current track.
Figure 7 displays the eastbound OTS defined on 10
December 2013 projected on the horizontal plane.

Figure 7. Eastbound OTS on 10 December 2013

We propose to model an OTS with a
Nx x Ny x Nz grid of WPs, where Ny is the number

of OTS tracks, Nx is the number of WPs on each
track, and Nz is the number of FLs for each track.
The tracks are labeled from 1 to Ny starting from the

most northern, the WPs on each track from 1 to Nx
starting from the most western, and the FLs from 1 to
Nzstarting from the lowest. Thus, the 3D position of
an aircraft on track j at WP i at FL k is completely
specified by the vector (i, j,k). The geographical
coordinates of this point are given by the vector
(/Ii‘ ,(oij,hk), where 4! is the point longitude, ¢ is
the point latitude and hy is the point altitude.

Every pair of consecutive WPs on the same
track: (i, j,k) and (i +1, j, k) are joined with straight
lines called links. Similarly, every pair of consecutive
WPs on adjacent tracks, northern: (i, j,k) and
(i+1 j—1k); southern: (i, j,k) and (i +1, j +1,k)),
are joint with links. Thus, each WP (except for those



on the outer tracks) has three outgoing links. We call
the link intersection points as nodes. Figure 8
displays the horizontal section of our OTS model
represented by a grid of nodes joined with links. In
addition to WPs that are located on tracks and that
belong to the OTS grid structure (red nodes in
Figure 8) the node set also contains the points of
intersection of the links joining adjacent tracks (blue
nodes in Figure 8).

Figure 8. OTS model (horizontal section)

Flight model

We considered several flight sets with various
numbers of flights in our simulations. For some tests
the flight input parameters were set randomly
(respecting both the ATC regulations and our model
constraints). Other tests were performed using real
flight sets extracted from the FPL (flight plan)
messages. Such messages are available for several
days of August 2006 from the ASSTAR project [6]
(we did not have the access to more recent data).

Here is how we simulate the flight progress of
N aircraft crossing the NAT within the OTS. For

each flight f we define the entry (Trirf] ) and exit

(Trofut) tracks, and the track entry time (ti‘;). If the

entry and exit tracks are different, we choose the
WPs where the aircraft performs re-routings. Thus,
the aircraft route between the entry and exit WPs
consists of a sequence of links. We limit our model to
authorize only re-routings towards the exit tracks in
order to avoid north-south zigzagging.

We assume that while moving along a link, an
aircraft maintains constant air speed (Mach number)

and constant FL. Thus, true air speed (vif ) and FL

(FLif ) are to be set only at WPs (i=1,..., Nx).

Furthermore, we assume that the speed difference
between two consecutive WPs (i and i+1) does not
exceed 0.02 Mach. Current practice tends to show
that the FLs difference is very rarely above 2 FLs [8].
In addition to this, aircraft are allowed only to climb
(not to descend), in order to satisfy the optimal
kerosene consumption flight profile. Figure 9
displays the vertical section of the OTS grid and
shows possible altitude profiles for eastbound flights.
In our model, the distance between the real horizontal
position of the aircraft at the new FL and the previous
WP after climbing (see Figure 9) is neglected, as well
as the time required to reach the new FL. This
instantaneous-climbing hypothesis is reasonable, as
the distance between the WPs (10° of longitude, or
about 500 km) is much longer than the vertical
distance between FLs (1000 feet, or 0.3048 km).

Nz

USA
EUROPE

Figure 9. OTS model (vertical section)

Figure 10. Conflict at a common route node

The particularity of our OTS model imposes that
the flight interactions can only happen on links or at
nodes. Lateral and vertical separation being ensured
by the OTS construction, a conflict may only occur
when a longitudinal separation constraint is violated
for a pair of consecutive flights. A conflict can occur
on a link if one aircraft is slower than the other
following it on the same track. A conflict is detected
on a node (shown with a red circle in Figure 10)
when two consecutive aircraft pass this node with a
time difference violating the longitudinal time
separation minimum. The task of ATC is to detect



and eliminate such conflicts (see [16]). In the current
paper we focus only on conflict detection and on the
comparison of prediction methods.

Flight progress simulation and prediction

To simulate flight progress within NAT, we
need to compute for each aircraft the times of passing
the route points. These times are computed based on
the aircraft ground speed. While the aircraft true air
speed is a given parameter for a segment of flight, the
ground speed varies according to the wind that the
aircraft is subjected to.

Let us consider an aircraft f moving at FL k
from WP i on track j towards the next WP i+1 on
track j" (where j'=j,j'=j—1or j’=j+1) along
the corresponding link (Figure 11). Let us assume

that at the time t this aircraft is located at the point
with coordinates (4,¢,hy ). Its air speed is equal to

vif at this point (black arrow in Figure 11). The real

wind speed at this point is equal to VV(t,/I,(p, hk)
(blue arrow in Figure 11). Then, its real ground speed

v' (red arrow in Figure 11) is defined by the
formula:

Vf :Vif +Wijj'(t,ﬂ,(0, hk)’ (1)

where Wi (t, 2,0, hy ) is the projection of the wind
vector on the link (i, j,k)-(i+1, j’,k).

Figure 11. Simulation of flight between two WPs

Given the time t; at which aircraft f was at the
WP (i, j,k), we are interested to compute the time
ti,1 at which this aircraft arrives at the WP
(i+1 j,k). To compute this time, we divide the
corresponding link (i, j,k) - (i+1 j'k) into N
sublinks and obtain N +1 subnodes (marked with

stars in Figure 11). The ground speed st at each
subnode s=1..,Ns +1 can be calculated via
formula (1). To simplify the simulation, we suppose
that this speed remains constant and equal to st
along the link segment between subnodes s and
s+1. Let us denote the length of this link segment as
Is. Then, the time Ati‘js necessary for aircraft f to

move from subnode s to subnode s-+1 is simply:

£ |
Aty =—Sf. 2
S

\Y

Using these time periods Atifs and given the

link entry time tif (which is the time of passing the

first subnode, tiflztif ), the times tifs at which

aircraft f passes subnodes s can be successively
calculated for s=2,..., N¢ +1:
f f

f
tis =lisa TALig - @)

We thereby obtain all the necessary information
to perform the simulation of aircraft flight along any

link (and for the whole OTS). Note that tifs is the

real (actual) time of arrival of aircraft f at
subnode s . In addition, we consider the forecast
= f

times, noted as t; ¢ , i.e. the times at which the aircraft

estimates to be at subnode s using the available MF
information. This time is supposed to be different
from the actual time, as the exact values of real

oceanic winds are not known. The forecast times t~|£
can be calculated based on the forecast wind function
Vv(t,ﬂ,(p, hk) using formulas analogous to (1)-(3).
Figure 12 displays the differences between real and
forecast flight values. The aircraft air speed vif is
represented with black arrow, the real wind speed

W with blue arrow, while the forecast wind speed

W, slightly different, with green arrow. Thus, the
forecast ground speed A (violet arrow) also differs
from the real ground speed V f (red arrow).
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Figure 12. Estimation of flight between two WPs

Wind Networking approach

This section describes the main idea of the WN
approach. It explains how the approach was
implemented in our simulations. Finally, it presents
the criteria to be used for evaluating the WN benefits.

Wind Networking simulation
Let us suppose that aircraft f on route passing
the point (1,¢,hy ) at time t T can measure the wind

VV(tf,/I,¢, hk) at this point (dark blue arrow in
Figure 13, top). Measurements are assumed to be

performed with some error st Thus, instead of the
real wind function the aircraft obtains its
approximation (light blue arrow in Figure 13):

Wf(tf'ﬂ’%hk)zw(tf7/1’(/’1hk)+5f' (4)

In our simulations the measurement error & ' is

assumed to be normally distributed, 5 ' ~ N(0,)

with mean equal to 0 and standard deviation
o =11 m/s. The value of o is set according to the
statistics obtained from the previous studies [26, 29].

Further, we suppose that aircraft can
communicate the results of these measurements to
other aircraft (see Figure 13, bottom). Based on the
information about the winds received from preceding
aircraft, the following aircraft (g, shown in red in

Figure 13) can adjust its predictions. This
information (V\7 , red arrow in Figure 13) is expected

to be more precise than MF winds (W , green arrow
in Figure 13), as it is more recent. Thus, the adjusted
predictions should be closer to the real situation than
the initial forecast. That is the main idea of WN.
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Figure 13. Adjusting wind predictions by WN

Let us consider that aircraft f moves at FL k,
from WP i on track j towards the next WP i+1 on
track j"along the corresponding link. Being at the

WP i at time tif the aircraft needs to predict its

flight until WP i+1. To simulate this process, we
divide again the link (i, j,k)-(i+1 j'k) into N

sublinks. Using the forecast wind field W , We obtain

the forecast times of passing the subnodes: tig ,

s=1..,N¢ +1. Here is how we propose to improve
these predictions using the WN approach.

Let us consider m aircraft fy, f,,..., f, on the
OTS on the links neighbor to the link (i, j,k) -
(i+1 j',k) that passed the corresponding links

before the aircraft f (before tifs). The choice of the

links, that are considered to be neighbor to the
current one, can vary according to user preferences.
The set of neighbor links may include the current link
itself, several upper/lower links and/or several
northern/southern links. Here is how we define the
neighbor links for most of the simulations. Let us
denote  jpin =min(j, j’) and  jma = max(j, j’) .
Then, the neighbors of the link (i, j,k)-(i +1, j’,k) in
horizontal plane (on FL k) are all possible links
between WPs i and WPs i+1 on the tracks
Jmin =1 Jmin» Jmax: Jmax +1 . Figure 14 displays
one example of determining all neighbor aircraft
(blue) of aircraft f (red) in the horizontal section of
the OTS. In the vertical direction we consider only
the 2 links on the adjacent FLs — upper and lower, i.e.
the links (i, j,k +1)- (i+1 j’,k+1) and (i, j,k —1)-
(i+1j,k-1).

Aircraft f then can use the wind measurements
from preceding aircraft fy,..., f,,, in the prediction of



its flight. Considering that each such aircraft f,
measured N ¢ +1 winds on the corresponding link,

we obtain the following wind data available for
aircraft f :

W (4 L, b ), ®)

where n=1,...,m is the index of preceding aircraft,
sp =1..,N¢ +1 is the index of subnode on the link

followed by this aircraft with the coordinates
(ﬂsn,gosn,hkn), t,sfn is the time of passing of this

subnode by the aircraft f, and W™ is the wind,

measured by this aircraft at this moment (blue arrows
in Figure 14).

Y
’w Wi =y W

7.

i Wi i+ 1

Figure 14. Adjusting wind predictions by WN

Further, we can apply any appropriate
extrapolation method to the corresponding
measurements (5) in order to obtain the adjusted
wind at each subnode s=1,..,N; +1on the route
link of aircraft f : V\A/afjj
the aircraft predicted adjusted time of passing the
subnode s, that can be calculated using formulas

similar to (1)-(3). The adjusted wind W

with red arrow in Figure 14 and it is supposed to be
closer to the real wind (blue arrow) than the forecast
wind (green arrow) at the same point.

(ff A (ps,hk). Here £, is
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Wind Networking evaluation criteria

The main objective of this study is to evaluate
the quality of the two prediction approaches: using
MF and WN. The first criterion of comparison is the
error made in the time prediction. To measure these
errors, we compute for each flight f and for each

WP i of its route the difference between the real and
the predicted times of arrival at this WP:
~f ~f

e . =

i D= tif for forecast times;

o & =t —t," for adjusted times,

and we analyze and compare the prediction errors
(Eif and éif ) distributions.

Another criterion of comparison is the number
of conflicts detected for the set of flights using each
of the prediction approaches:

e the number of conflicts that are predicted
(by each of the method) but do not happen
in the reality (false alarms);

e the number of conflicts that would happen
but have not been predicted (critical
errors);

e the errors in the conflict duration
predictions (related to the time prediction
errors).

The results of these comparisons are presented
in the next section.

Simulation results

Several days of the years 2013-2014 were
analyzed during this study. Here we present the
results of simulations for 10 December 2013. The
results for the other days are similar. The real and
forecast wind fields used for this day are shown in
Figure 6, and the valid eastbound OTS is displayed in
Figure 7. Remark that the OTS passes through the
area of very strong winds, which increases the
uncertainty in the aircraft position determination.

Results for one track

Our first preliminary study considers a simple
model consisting of several consecutive flights



following one track on the same FL. For this model,
several first aircraft enter every link without having
preceding aircraft that already past the corresponding
link, and thus, they cannot benefit from the WN
approach. On the other hand, the rest of aircraft
obtain complete information about the winds from all
preceding aircraft for each route point. This case
could very rarely happen in the reality, but it
demonstrates the benefits of the WN approach under
ideal conditions.

Several tests, hold with different extrapolation
methods for adjusting the wind for the particular
aircraft from the measurement of the preceding
aircraft, revealed that using data from the latest
available aircraft for the adjusted wind yields results
that are as good as (and in some cases, even much
better then) when applying any extrapolation method
to wind values obtained from several aircraft. Thus,
we focus only on these last-aircraft results in this

paper.

In the example below, we consider a flight set
consisting of 77 aircraft cruising on the middle OTS
track (VIXUN-MALOT) at the altitude 200hPa. The
flight track entry times were randomly chosen
between 0000 UTC and 0500 UTC so that all aircraft
exited the OTS before 0900 UTC and were separated
by at least 3 minutes (according to RSS) throughout
the track. First, we perform the flight simulations
using the real wind field, next using the forecast
wind, and finally using the wind obtained from the
latest previous aircraft. For this example, the first 10
aircraft were too close one to each other to provide
sufficient information (for all subnodes on links) to
the following aircraft. Thus, the WN approach was
only applied to the rest 67 aircraft. For each
simulation, we recorded the times of passing the

WPs: tif , fif and fif . Then, for the two prediction

approaches, we calculated the prediction errors at

each WP, i.e. Eif and éif . Figure 15 shows the two

prediction-error distributions obtained. The time
scale in this diagram was truncated to 30 seconds in
order to focus on the mean error values.

Tablel presents some statistics of the
distributions of prediction-error absolute values. As it
can be seen from this table and from Figure 15, the
WN approach improves significantly the prediction
of the time of passing the WPs. The average

prediction error from almost half a minute (an
important value for RSS) is reduced to less than 5
seconds. These encouraging results of WN
application obtained for this artificial flight model
give the stimulus to apply the approach to the real air
traffic in NAT.
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Figure 15. MF vs. WN prediction error, 77 flights

Table 1. Prediction error statistics, 77 flights

Approach MF WN
Value (sec.) ‘éif ‘ éif ‘
Max 215,61 | 26.97
Mean 29,67 | 4.86
Variance | 50.83 | 6.04

Results for real aircraft set on OTS

On the next step of our research we apply the
WN approach to real air traffic data. Several data
sets have been tested. In the example below we
consider a set of 378 aircraft cruising between 38
airports in North America to 51 airports in Eurasia
(mostly in Europe) for 4 August 2006. In order to
reduce the congestion in the continental airspace, the
desired entry track is assumed to be the track that is
the closest to the departure airport, and similarly for
the desired exit track (closest to the arrival airport)
(see [16] for more detail). The desired track entry
time is first set to be the same as defined in the flight
plan, and then it is adjusted in order to fit into the
range of the OTS validity (starting from 0000 UTC).
Finally, the flights are reorganized in order to avoid
conflicts on links (when faster aircraft overcome



slower ones), so that all remaining conflicts are
conflicts on nodes.

The constructed flight set is evaluated using
three different winds and the errors of time prediction
of passing the WPs are compared. We have tested
several extrapolation approaches to obtain the
adjusted wind from neighbor preceding aircraft.
Figure 16 displays the prediction error distributions
for some of these approaches, i.e. when:

o only the measurements received from the
latest aircraft on the same link are taken
into account (as in the previous subsection)
(blue in Figure 16);

o the wind values obtained from the closest
(in terms of distance) aircraft on the
neighbor links are linearly interpolated to
adjust the wind at the current aircraft
position (red in Figure 16);

e the wind values obtained from the latest
(in terms of time) aircraft on the neighbor
links are linearly interpolated (green in
Figure 16).
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Figure 16. Wind extrapolation comparison

Table 2. Prediction error statistics, 378 flights

WN,
Approach MF same c\ll(;lslzlét I\;\:eNs’t
track
Mean, sec 16.36 7.48 6.87 6.40
Var., sec 22.05 13.51 12.53 12.21

The statistics of the distributions of the absolute
values of these prediction errors are presented in
Table 2. This table and Figure 16 show that using the
measurements from aircraft on neighbor links

improves the results; and the more recent the
measurements are, the smaller the prediction errors
are, and the closer to the reality the results are. Thus,
in the sequel of this paper the WN approach always
refers to the method based on the measurements from
the most recent (latest in time) neighbor aircraft.

Figure 17 presents the comparison of the
distributions of the prediction errors using MF
approach (its statistics can be found in Table 2 as
well) and WN approach (based on the best “latest
flights” extrapolation method); the bottom diagram
displays a truncated time scale in order to better
demonstrate the distribution behavior near 0.
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Figure 17. MF vs. WN prediction error, 378 flights

Comparison of the results from this subsection
(Figure 17) with the previous results (Figure 15)
shows that the WN approach seems to be less
efficient in the case of several tracks and real aircraft
sets: the prediction error being less than 5 seconds for
one-track artificial flight set grows up to 7 seconds in
the real case. Here are some explanations of this
phenomenon:

o the difference in the wind evaluation for
different tracks (WN is more efficient if
the wind does not change much with the
time);



o the time period between the consecutive
flights (WN is more efficient if this period
is short, which was the case for artificial
flight set, but not always the case for the
real one);

o the existence of previous flights (for the
artificial flight set, all flights followed one
another; in the real case, some flights on
some links may have no preceding flights;
this obliges such flights to rely on MF
instead of WN, and thus, the predictions
are not improved at all).

On the next stage of prediction method
comparison, we concentrate on evaluating the error in
conflict prediction. As mentioned above, conflicts
can only happen on nodes in the considered model.
First of all, we perform the flight simulation based on
the three wind functions and we record the pairs of
aircraft in conflict (violating longitudinal separation
minimum) at each OTS node. Then, we compare the
real situation with each of the prediction methods to
determine the number of conflicts that were predicted
correctly, the number of false alarms, and the number
of critical errors. The first three lines of Table 3
display these numbers.

Table 3. Conflict prediction, 378 flights

Approach MF | WN
Correctly predicted, Nb. 460 | 462
False alarms, Nb. 11 7
Critical errors, Nb. 12 10
Conflict duration error, minutes | 46,29 | 21,63

The last line of Table 3 contains the absolute
value of the total conflict duration time error (which
is the difference between the predicted conflict
duration time and the real one, considering that if the
conflict is not detected its duration is 0). Figure 18
represents the distributions of conflict duration errors
for both prediction approaches. The scale is truncated
at 30 seconds in order to visualize better the
distribution near its mean value.

Table 3 and Figure 18 reveal the improvement in
conflict prediction when using the WN approach.
Obviously, this improvement is directly related with

the accuracy of the approach in time prediction. It
seems quite reasonable that the more aircraft there
are the greater improvement could be achieved using
WN, as more aircraft would benefit from the
measurements of preceding aircraft. This hypothesis
becomes even more important once remembering that
the number of flights in airspace is constantly
increasing. This fact encourages performing the
simulations for artificially increased flight sets.
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Figure 18. Conflict duration error, 378 flights

Results for increased flight set on OTS

In this subsection we present the results similar
to those discussed in the previous section but for an
increased flight set. In the example below we
consider 1000 flights. As in any case such a flight set
would be an artificial one, we chose the desired entry
and exit track as well as the desired track entry time
randomly. Further, these parameters were adjusted in
order to eliminate the conflicts on links. We perform
the simulations in the same manner as it was
described in the previous subsection: we compute the
prediction errors of time of passing the WPs for both
approaches, the number of correctly and incorrectly
predicted conflicts, the errors in conflict duration
prediction.

Figure 19 presents the distribution of time
prediction errors (the time scale is truncated at 1
minute). The mean absolute value of MF error in this
case is 22.35 seconds; and the mean absolute value of
WN error is 5.83 seconds. One can again notice the
improvement in WP passing times predictions using
the WN that is even greater for this case of 1000
flights in comparison to real 378 flights.

Table 4 contains the number of correctly
predicted conflicts, the number of false alarms and
the number of critical errors, as well as the total
absolute value of conflict duration prediction errors.



What is remarkable, in this case the numbers of
incorrect conflict predictions as well as the conflict
duration errors in average are reduced almost in 4
times when applying the WN.
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Figure 19. MF vs. WN prediction error, 1000
flights

Table 4. Conflict prediction, 1000 flights

Approach MF | WN

Correctly predicted, Nb. 1175 | 1229

False alarms, Nb. 48 13
Critical errors, Nb. 70 16
Conflict duration error, min. | 242.7 | 63.4
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Figure 20. Conflict duration error, 1000 flights

When observing the conflict duration prediction
errors distribution (see Figure 20) one can also easily
notice much greater improvement due to WN in
comparison to real flight set (Figure 18). This fact
reveals the absolute benefits of WN approach
especially for dense traffic conditions.

Conclusion
The current paper introduces the Wind
Networking approach for aircraft trajectory

prediction in North Atlantic oceanic airspace. The
approach is based on the possibility to use
measurements from previous aircraft to adjust the
forecast wind.

The paper describes the mathematical model
based on which the numerical simulations were held
on. During the simulations several days with different
meteorological conditions were studied. The paper
presents the results for one day and several flight sets
that were found to be quite typical.

The results of the simulations reveal the
significant decrease in the errors of prediction of
times of passing the waypoints for the set of aircraft
in average when applying WN approach. They also
show that the number of en-route conflicts as well as
their duration time are also predicted much more
precisely using WN. Finally, the study performed for
increased flight sets prove the special efficiency of
WN in the dense traffic conditions.

Thus, the WN seems to be a very promising
approach to improve the flight trajectory prediction,
which is especially important in oceanic airspace
because of the lack of surveillance abilities.
Implementing of this approach that would be possible
due to new broadcast technologies will allow aircraft
to know there future position in time more exactly
and to determine possible conflicts more precisely in
order to efficiently avoid them.

The WN brings improvement in particular in
dense areas. Those areas are also the ones where a
good trajectory prediction is critical. We expect in
some future works to estimate the benefits of this
concept in some other dense areas, like big terminal
maneuvering areas.
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