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Abstract—A probabilistic aircraft conflict detection and reso-
lution method considering wind uncertainty is proposed in this
paper. The wind components are modeled as random variables,
described by a joint probability density function. The case
of two en-route aircraft flying with constant airspeed in the
same airspace and flight level with approaching multi-segment
trajectories and affected by the same wind is considered. The
conflict is characterized by the minimum distance between the
aircraft and the probability of conflict. The probabilistic conflict
detection is performed using the Probabilistic Transformation
Method. The conflict resolution problem is formulated as a
parametric optimization problem subject to constraints, being
the optimality criterium the minimization of the spatial deviation
from the nominal trajectory. Numerical results are presented
for statistically-independent and uniformly distributed constant
winds obtained from Ensemble Weather Forecasts.

I. INTRODUCTION

Improving capacity, efficiency, and safety levels of the Air
Traffic Management (ATM) system are main goals of both
the Single European Sky ATM Research (SESAR) and the
Next Generation Transportation System (NextGen). The ever
increasing levels of air traffic challenge these goals, making the
development and integration of innovative automated decision
support tools a necessity.

An approach that can improve prediction and optimization
mechanisms is to model, analyze, and manage the uncertainty
present in ATM. Among the many sources of uncertainty,
the effects of weather uncertainty on the ATM system are of
utmost importance, see Rivas and Vazquez [1]. The limited
knowledge about future meteorology conditions, such as wind
velocity and direction, fog, snowfall or storms, is responsible
for much of the delays and flight cancellations, which nega-
tively affects ATM efficiency and translates to extra costs for
airlines and air navigation service providers.

Attending to weather conditions, two types of uncertainty
can be identified. Firstly, hazardous weather which may lead
to no-fly zones affecting the ATM at a network level; and,
secondly, some atmospheric properties, particularly the wind,
which may affect aircraft individual trajectories. The inclu-
sion and analysis of weather uncertainty into ATM-related
problems has been addressed by many authors. For example,
Zheng and Zhao [2] developed a statistical model of wind un-
certainties and applied it to stochastic trajectory prediction in
the case of straight, level flight trajectories at constant airspeed
with different guidance laws, which affect the distributions of

SESAR

Seventh SESAR Innovation Days, 28" — 30" November 2017

dispersions of the trajectory attributes. Nilim et al. [3] propo-
sed a dynamic routing strategy for an aircraft that minimizes
the expected delay when the aircraft’s nominal path may be
obstructed by bad weather, obtaining significant improvements
when compared with more conservative strategies.

In this paper, a methodology to include the effects of
wind uncertainty on the problem of aircraft conflict detection
and resolution (CD&R), focused on the cruise phase of the
flight, is developed. The CD&R problem under uncertainty
has been addressed in the past by several authors. A widely
used approach is to consider the aircraft expected position
as a random variable and assume it follows a probabilistic
distribution: Paielli and Erzberger [4] estimated the probabi-
lity of conflict for pairs of aircraft whose trajectories were
uncertainly predicted, considering the trajectory prediction
errors as Gaussian variables; Krozel and Peters [5] presented
a non-deterministic conflict detection model for two en-route
aircraft, considering their positions, velocities and headings
as Gaussian distributions; and Prandini et al. [6] also obtai-
ned expressions for the probability of conflict, applying two
different models for the tracking errors. Another approach is
to propagate the weather uncertainty into the trajectory pre-
diction: Hu et al. [7] and Chaloulos and Lygeros [8] used this
approach to study how wind correlation affects conflict pro-
bability; Matsuno et al. [9][10] proposed probabilistic aircraft
conflict detection and resolution algorithms in the presence of
spatially correlated uncertain winds and applied them to the
two-dimensional aircraft-aircraft and aircraft-weather conflict
resolution problem; and Rodionova et al. [11] developed and
evaluated different conflict strategic resolution algorithms for
wind-optimal trajectories considering wind uncertainties in
the North Atlantic oceanic airspace. This second approach is
followed in this paper.

In order to characterize and quantify the uncertainty in
a weather forecast, it is convenient to use a probabilistic
approach. This paper considers wind uncertainty provided by
Ensemble Prediction Systems (EPS), a weather forecasting
technique that characterizes and quantifies the uncertainty in-
herent to the prediction. The EPS has succesfully been applied
to Air Traffic Management problems in the past. Gonzalez-
Arribas et al. [12] generated wind-optimal cruise trajectories
using pseudospectral methods and studied the sensitivity of
the optimal flight paths to the numerical weather prediction
uncertainty. Steiner et al. [13] presented an approach, focused
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on convective storms, of how high-resolution ensemble weat-
her forecasts may get integrated with automated ATM decision
support tools. Rivas et al. [14] analyzed the effects of wind
uncertainty on aircraft fuel consumption in the case of multi-
segment cruise flight subject to average constant winds.

In this paper, the problem of two aircraft flying with
approaching trajectories composed of several cruise segments
at constant airspeed, constant altitude and affected by the same
uncertain winds is tackled. The conflict detection is based
on the Probabilistic Transformation Method (PTM), see for
example Hogg and Craig [15]. A first step on the assessment
of the impact of wind uncertainty on the problem of conflict
detection using this method was presented in Herndndez et
al. [16]. The conflict resolution problem is formulated as a
parametric optimization problem subject to constraints, being
the optimality criterium the minimization of the spatial devia-
tion from the nominal trajectory. The deterministic algorithm
developed by Valenzuela and Rivas [17] is the base of the
presented approach.

II. ENSEMBLE WEATHER FORECASTING

While deterministic meteorological forecasts have long been
used in trajectory prediction and, as of today, are still the
standard in ATM applications, a lot of efforts have been made
to introduce uncertainty information in trajectory prediction
systems . One of today’s most promising trends in probabilistic
forecasting is the use of Ensemble Prediction Systems (EPS).

An ensemble forecast comprises multiple runs of a Nu-
merical Weather Prediction (NWP) model, which differ in
the initial conditions and/or the physical parametrization of
the atmosphere; some ensembles use more than one NWP
model [18]. The objective is to generate a sample of possible
future states of the weather outcome. An ensemble forecast is
a collection of 10 to 50 forecasts (referred to as members).
Cheung et al. [19] review some of them: PEARP, from Météo
France, consisting of 35 members; MOGREPS, from the
UK Met Office, with 12 members; the European ECMWE,
with 51 members; and the multi-model ensemble SUPER,
constructed by combining the previous three, forming a 98-
member ensemble with the aim of capturing outliers and
having a higher degree of confidence in predicting the future
atmospheric evolution.

There are two approaches for trajectory prediction subject
to uncertainty provided by ensemble weather forecasts:

1) Ensemble trajectory prediction, where a deterministic
trajectory predictor is used for each member of the
ensemble, leading to an ensemble of trajectories from
which probability distributions can be derived; some
type of postprocessing is required.

2) Probabilistic trajectory prediction, where probability dis-
tributions of meteorological parameters of interest (such
as wind) are obtained from the ensemble forecast and
evolved using a probabilistic trajectory predictor, leading
to probability distributions of trajectory parameters of
interest.
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Cheung et al. [20] follow the first approach, and Rivas et
al. [14] and this paper follow the second one.

The meteorological parameters considered in this work are
the meridional (South-North), w,, and the zonal (West-East),
wy, components of the wind. The approach to obtain the
probability distributions of the wind components is as follows.
Suppose that the ensemble has /N members, then the first step
is to obtain for each wind component and for a given location
the N sample values {wg 1,...,wy N} and {wy 1,...,wy N}
Next, one must assume that each wind component follows a
particular distribution. Finally, the parameters of the chosen
distribution are to be estimated from the sample.

Although the formulation presented in this paper is ap-
plicable to any probability distribution, the results shown in
Section V are obtained for uniform distributions.

III. CD&R PROBLEM FORMULATION

A. Assumptions

The study presented in this paper is analyzed under the
following assumptions (see Fig. 1):

o A North-East reference system fixed to Earth is used.

o Two aircraft, A and B, fly in the same airspace and flight
level with approaching trajectories composed of several
cruise segments with different courses. Instantaneous
turns are assumed for course changes of the aircraft.

o The initial position of the aircraft (55 4 and 5 p) are
certain.

o The airspeeds (V4 and Vp) of both aircraft are constant
and known.

o The two aircraft are affected by the same constant wind
(w). Tt is described by its meridional and zonal compo-
nents (w, and w,, respectively) which are uncertain.

o The initial separation between the aircraft is greater than
a given horizontal separation requirement D.

Y
Figure 1: General scenario.

The absolute and relative motion of the aircraft are described
next.

A
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B. Aircraft motion

1) Absolute motion: Let us assume that the aircraft A
and B follow trajectories composed on n and m segments,
respectively. For each segment of the trajectory (see Fig. 2), the
airspeeds and courses are constant and known, so the positions
of the aircraft A and B in the segments ¢ = 1,...,n and
j=1,...,m at time t, 54, and §Bj, are given by

A, (1) = Pao, + Vya,(t —tao,), t€[tao,taa], (1)
§8,(t) = Poo, + Vo, (t —tBo,), tE[tBo, tnal, (2)

!

where P’A,Oi (]3370].) is the origin waypoint of the ¢ (7)
segment; I_/‘g, A, (Vig, B,) is the aircraft ground speed in this
segment; and ta,, (tB,0,) and t4 4, (tp,q4,) are the times on
which the aircraft A (B) starts and ends the segment 7 (j),
respectively. The time that it takes for an aircraft to fly a
segment can be expressed as the length of the segment divided
by the ground speed of the aircraft, as follows:

| Pad, = Pao,l

ta, = AT T A 3)
||V97A7:
P’B)d]. - ﬁB7O'
1p, = 1P = Pl “
Vg5

Taking this into consideration, the times when the aircraft
reach the origin and destination waypoints of the segments
(ta,0:» ta,d;» tBo; and tp 4;) can be expressed as:

i—1 i
tao, =Y ta, tadg, =Y ta, ®)
p=1 p=1

j—1
iB,o; = E 17: 38
q=1

If the initial position of the aircraft (55,4 and 5y p) are the
origin waypoints of the first segments of each trajectory, then
tA,ol = tB,ol =0.

Because the wind is uncertain, the aircraft headings and the
magnitudes of the ground speeds in each segment I_/»g, A, and

T A

asl}
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S
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YA,o; YA,d; Yy

Figure 2: Absolute motion of aircraft A in segment 4.
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Figure 3: Wind triangle for aircraft A in segment i.

—

Vy,B, are also uncertain. They can be obtained from the wind
triangle (see Fig. 3) as follows:

B . We, A,
. Vacos (4, —arcsin | =224 ) ) + w,
Vo = ‘ Va 7
g9,A; — . . We, A, ) ( )
Vasin (14, — arcsin i + wy
B . We, B
. Vp cos (¢p. — arcsin 1 + wy
Vg = ’ Ve 8
9:B; — . . [ We,B; )
Vpsin (¢ p, — arcsin v + wy

where 14, and v, are the aircraft courses, and w. 4, and
we,p; are the crosswinds affecting each aircraft in segments
1 and j, respectively. In these expressions, the crosswinds are
considered to be positive if they are from the left wing, and
they are given by the following expressions:

We, A, = Wy COSY A, — Wy SINY4,, )
We,B; = Wy COSYp, — Wy SINYp, . (10)

The aircraft courses 14, and 1, for each segment can be
obtained from:

4, = arctan <y’4ad7¥_y‘470i) , (11)
'TA,di - xA,Oi

Yp, = arctan <yB’dj —YBos ) , (12)
'I'B,dj - xB,O]‘

where = and y are the coordinates of the origin and destination
waypoints of segments ¢ and j, as depicted in Fig. 2.

2) Relative motion: The indicators defined in this work to
characterize the conflict are only dependent of the relative
motion between the aircraft, as it will be seen later. The
relative position between the aircraft for segments ¢ and j
can be expressed as (from Egs. (1) and (2)):

§ij(t) =8B, (t) — §a,(t) = So,; + Vg, t,

te [tA,Ow tA7di] N [tB;0j7tB7dj]7

under the condition [tao,,ta,4,] N [tB,o,,tB,4,] 7# 0, that is,
the aircraft fly the segments ¢ and j at the same time. In
the previous equation, the relative initial position, 3p,;, and

the relative ground speed, v, ,;» for each pair of segments are
given by

13)

50, = Ppo, — Pao, — Vot o, + Vo atae, (14)
VQij = VQ7Bj - V97Ai' (15)
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From equations (7) and (8), the relative ground speed can be
expressed as:

. wc,Bj
. cos (Yp, — arcsin
v, =V, ’ i
gij — VB | | . [ We,B;
sin (p, — arcsin Vs

. w
cos <¢Ai — arcsin ( ‘C/:‘z)

(16)
. . We A
sin (1/%4,: — arcsin ( i )

—Va

Notice that both Vg,ij and 8p,; are uncertain due to the wind
uncertainty.

C. Conflict detection

A conflict exists between two aircraft if a given set of
separation minima is predicted to be violated in the future.
In this project it is assumed that both aircraft are flying at
the same flight level and that they are approaching, so a
conflict will exist if the minimum distance between them,
dmin» 18 found to be smaller than a given horizontal separation
requirement. In this paper, the conflict between the aircraft
is characterized by two indicators: the minimum distance
between the aircraft, d,,;,, and the probability of conflict,
P.,,. The probabilistic conflict detection problem is tackled
using the Probabilistic Transformation Method (PTM), later
described in Section IV. Using this method, it is possible to
obtain the probability density function (PDF) of the conflict
indicator fq, . , as well as the value of P.,,.

The distance between the aircraft A flying in segment ¢ and
the aircraft B flying in segment j, d;;(¢), is the magnitude of

the relative position, d;;(t) = ||5;;(¢)||. It can be expressed as
dij(t) :\/sgn + 250, - ‘79th + Vg?u t2,

t € [tao,tad] N[tB.o;,tB.d,] (17)

A loss of separation would take place if d;;(t) were to be
smaller than the separation requirement D. Because 5p,; and
Vgij are uncertain, so they are d;;(t) and, therefore, the
existence of a loss of separation at a given time. The indicators
that characterize the conflict are described next:

1) Minimum distance: For each pair of segments
i=1,...,nand 7 = 1,..., m, the minimum distance between
the aircraft dy,;y,s; can be obtained from Eq. (17) as

S 2 AR V4 g 2 42
dmm,z; - \/SOU + 280ij Vgijtdmm,lj + Vgijtdmm,ij' (18)

In this equation, ¢4, ;; is the time to minimum distance (or
time of maximum approach) for each pair of segments, that
can be expressed as:

Cdppin,ij =
max{tA,o“thj} if tfj < max{tAyoi,thj}
t5; if tf; € [tao,,tad] N[tB.o; tB.d;]
min{tA,di , tB,dj} if t’{j > min{tA,di , tB,dj}
(19)
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where ¢;; is the time obtained by setting to zero the derivative
of Eq. (17) with respect to ¢:
= _§0u 'Vgij
iy 2
Vgij
Finally, the value of the indicator d,;,;, is the minimum value
of the set {dpin ij}:

(20)

dmin = min {dmin,ij} . (21)

2) Probability of conflict: The probability of existence of
a conflict is given by the probability of d,,;, being smaller
than the separation requirement D:

Pcon =P [dmzn < D] (22)

Notice that these two indicators depend on the wind, and
therefore are affected by its uncertainty.

D. Conflict resolution

The conflict resolution process is designed in such a way
that it generates a trajectory for each aircraft that present a
probability of conflict smaller than a given threshold Fy. These
resolution trajectories are defined by a new set of waypoints
(vectoring). Considering that the nominal paths of the aircraft
are the preferred trajectories, the deconflicted trajectories are
determined so that they are as close as possible to the originals.
The CR process herein presented is based on the deterministic
algorithm developed by Valenzuela and Rivas in [17].

The conflict resolution problem is then formulated as a para-
metric optimization problem subject to inequality constraints:

F(x)
c(x) <0.

minimize the cost function

subject to the contraints (23)

1) Parameters: The resolution trajectory is described in
terms of a set of parameters x, which correspond to the
coordinates of the modifiable waypoints. Considering that the
first and last waypoints of each trajectory remain fixed, the
total number of modifiable waypoints is ¢ = n +m — 4.

X = [fﬂA’Q, s LAN—-1,YA 25+ -y YA n—1,

S YBm—1) (24)

2) Cost Function: The optimality criterium in this problem
is to minimize the deviation of the resolution trajectories from
the nominal trajectories, which is defined as the following
objective function:

TB2y-+-,TBm—-1,YB,2;- -

zq: [(l‘k — 2P + (g — y;?)Qy

k=1

F(z) = (25)

where (2}, yj) are the nominal coordinates of the modifiable
waypoints.

3) Constraints: In the problem under consideration, the
sole constrain is the condition for the probability of conflict
P,,, of being smaller than Fy. This inequality constraint can
be expressed as:

¢(x) = Peop(x) — Py < 0. (26)
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4) Resolution Strategy: The resolution process has two
phases:

1. Search of a Feasible Starting Point: In this phase,
the objective is to find a starting point xg that satisfies
the inequality constraint. This starting point is obtai-
ned by solving the following unconstrained optimization
problem:

minimize Peop(X). 27

Taking into account that the minimum of the function
P (%) is zero, the constrain (26) is guaranteed to be
satisfied by this solution. The nominal trajectory x" is
chosen as the starting point in this problem.

2. Cost Function Optimization: Once an initial feasible
point is obtained, the aim of this second phase is to obtain
the feasible solution with the smaller cost by solving the
parametric optimization problem described in Eq. (23).

Considering that both the cost function and the constraint
are non-linear, the optimization problem can be described
as a nonlinear programming problem. Each phase of the
resolution problem is carried out using MATLAB’s nonlinear
programming solvers fminunc and fmincon, for phase one and
two, respectively.

IV. PROBABILISTIC TRANSFORMATION METHOD

The probability density function (PDF) of the conflict
indicator d,,;,, given a wind speed probability distribution,
is obtained using the Probabilistic Transformation Method
(PTM). An introduction to the application of this method to
the problem of conflict detection under wind uncertainty was
presented in Herndndez et al. [16].

The basis of this transformation is as follows (see, for exam-
ple, Ref. [15]): Let w; and uy be two continuous-type random
variables, statistically correlated or independent, having a joint
PDF f,, u,(u1,u2), and let R be the two-dimensional region
in the uqug-plane where fy, v, (u1,u2) > 0. Let v1 and v be
two random variables, v; = g1(u1,u2) and vy = go(u1, usz),
whose PDFs are to be found. Assuming that g;(u1,us) and
g2(u1,u2) define a one-to-one transformation of R onto a
region S in the vjve-plane, then u; and uy can be expressed
in terms of vy and vy as uy = hq(v1,v2) and us = ho(vy, v2).
The joint PDF of vy and vy is then given by

fUl,’Uz (Uly U2) =

ful,ug (hl (’U17 /02)7 hQ(’Ul, UQ)) |J(’U1, ,UQ)‘ lf (Ul, UQ) S S
0 otherwise.
(28)

In this expression, |J(vy,v2)| is the absolute value of the
Jacobian determinant

Ohi(vy,v2)  Ohy(v1,v2)
o 81}1 81}2
J(’UlaUQ) - 8h2(v1,vg) 8h2(’01,’02) 9 (29)
8’01 81]2

which is assumed to be different from zero in S.
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In this work, the variables u; and us are the two wind
components w, and w,, respectively; vy is the indicator
dmin; and vo is an auxiliary variable which, in order to
simplify the Jacobian determinant, is chosen to be any of
the two initial random variables u; or us (i.e., the wind
components w, or wy), resulting in J = —0ha(vi,v2)/0v1
or J = 0hy(v1, va)/0vy, respectively.

The marginal PDF of d,,in, fd,,,., (dmin), can be obtained
from the joint PDF fg . ., (dmin,v2) as follows

fdmm (dmzn) = / fdmm,vg (dmhm UQ)dUQ~ (30)

Once the PDF fy . (dmnin) is known, one can compute the
mean and the standard deviation of d,,;,:

Elduin) = [ pla,.. (). G31)
_Ozo 1/2
U[dmm] = |:/ pidmin (P)dp - (E[d7nin])2 . (32

This procedure is only to be applied when the
transformations ¢; and g¢o are invertible functions in
the domain of f,, .,. However, it may happen that different
wind values lead to the same value of the indicator and the
auxiliary variable, thus having a more-to-one transformation.
When this situation arises, the problem is divided into
multiple sets S; where the transformation is one-to-one, and
the procedure is applied to each domain.

The probability of conflict can be computed from the PDF
of d,,;, obtained with the PTM as

D

V. RESULTS

Some initial results are presented for a particular scenario
and arbitrary winds distributed uniformly.

The scenario under consideration presents two aircraft
with segmented trajectories approaching to a common
navigation point. The nominal trajectories of aircraft A and
B are depicted in Fig. 4, and correspond to RNAVs routes
UM192 and UNB869, respectively. The waypoints latitudes
and longitudes are collected in Table I; these coordinates can
be consulted in [21] and [22]. The waypoints coordinates
have been transformed to a North-East reference system
fixed to Earth whose origin is the waypoint BLN, using
an azimuthal equidistant projection. The initial position of
aircraft A is §p 4 = [—78.74,65.63] NM, which corresponds
to waypoint AMR; and the initial position of aircraft B is
50, = [74.94,27.71] NM, waypoint NASOS. The horizontal
separation requirement D is set to 5 NM (9260 m) and the
airspeeds of the aircraft A and B to V4 = 240 m/s and
Ve = 230 m/s. The probability of conflict threshold set in
the CR process is Py = 0.1%
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Figure 4: Nominal scenario.

The wind components are considered to be statistically
independent and distributed as uniform continuous random
variables, whose PDFs are given by:

Juwi (i) = {

where ¢ € {x,y}. Since the winds are independent, the joint
PDF of the wind components is the product of these two PDFs,

(35)

§$,ﬁmem—%ﬂmmw

. (34)
0 otherwise,

fww,wy (Wa, wy) = fu, (wz)fwy (wy).

The endpoints of the uniform distributions are chosen to be
the maximum and minimum values of the forecasted winds
provided by the EPS. In this application, the meteorological
uncertainty data is retrieved from the European Centre for
Medium-Range Weather Forecasts. In particular, the PEARP
weather forecast, composed of 35 members, is considered.
The wind available is the one given for a forecast horizon of
0 hours, released at 06:00 on 05-May-2016, for a pressure

y £
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TABLE I: WAYPOINTS DESIGNATORS AND NOMINAL

COORDINATES.

Aircraft A trajectory Aircraft B trajectory
Designator Coordinates Designator Coordinates
AR | T Taew | NASOS | 01 a0 w
AGIDO | o 0w | ANEAN 3o
ROLAS | op5iis7w | BIN | 0337300 W
ARPEX | o | MOA | 02 105 W
BAZAS | 003 11 06 W

BIN | 0337 300 W

MORAL | 3 5 318 W

VIE | 75t w

level of 250 hPa, and for the coordinates 38° North, 2.5°
West, in the Southeast of Spain. The minimum and maximum
values of w, are 11.75 and 28.40 m/s, respectively, and
the minimum and maximum values of w, are 10.24 and
25.54 m/s, respectively. The corresponding values of the
wind distributions are w, = 20.08 m/s, 4, = 8.33 m/s,
wy, = 17.89 m/s, and §,, = 7.65 m/s. Figure 5 depicts
the winds probability density functions, along with the
normalized bar charts that represent the PEARP weather
forecast data.

In Figure 6, the PDFs of the minimum distance d,,,;,, before
and after the conflict resolution process are presented. The
PDF corresponding to the nominal scenario is depicted with a
dashed line, and a solid line is used to represent the PDF for
the resolution trajectories.

The expected value and standard deviation of d,,;, for
the nominal trajectories are F[d,] = 7044 m and
o|dmin] = 3170 m. The probability of conflict before the CR
is 70.4%, which can be computed as the area under the PDF
to the left of the dash-dot vertical line that represent the se-
paration requirement D. After the conflict resolution process,
the expected value and standard deviation have changed to
14329 m and 2897 m, respectively. It is noticeable that the
expected value has experienced a significant raise and that
the dispersion of the indicator is now slightly smaller. The
probability of conflict has dropped to P.,, = 0.1%, which
correspond to the constraint set in the CR process. As observed
in the figure, the nominal and resolution PDFs are very similar
in shape, being the main difference between the two of them
their position on the z axis.

The resolution trajectories for each aircraft are depicted
in Figure 7, where the new trajectories have been depicted
with solid lines. The cost of this solution (see Eq. 25) is
F = 6973 m. The maximum deviation from its nominal tra-
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5 10 15 20 25 30 5 10 15 20 25 30
wy[m/s] wy[m/s]
(a) Wind meridional component. (b) Wind zonal component.

Figure 5: Wind probability distributions (solid lines) and PEARP weather forecast normalized data (bars).

sSwW____ AW 3w 2w

fa,, [1/m]

39N

Figure 6: PDF of d,,;, for nominal (dashed) and resolution
(solid) trajectories.

38N

jectory is 4826 m for the aircraft A and 5029 m for aircraft B.
This maximum deviation correspond to the waypoints closer
to the navigation point BLN. It can be observed that the rest
of the modifiable waypoints have not experienced noticeable

changes. .
37N

VI. CONCLUSIONS

In this work, a probabilistic method for conflict detection » Nominal waypoints
and resolution for en route aircraft under wind uncertainty + » Modified waypoints
has been presented. The proposed method allows the charac- -=:= Nominal trajectories
terization of a conflict between two aircraft and it is able to —— Resolution trajectories
propose new trajectories that lower the probability of conflict 36 N

to acceptable levels.

Figure 7: Resolution trajectories.
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The probabilistic conflict detection problem has been
tackled using the Probabilistic Transformation Method. This
methodology enables the assessment of the probability of
conflict and other characteristics of the conflict for a given
scenario. This approach is capable of taking as input any type
of wind distribution derived from ensemble weather forecast.
The minimum distance between the aircraft and the probability
of conflict have been chosen as indicators to characterize the
conflict.

The conflict resolution problem has been formulated as a
parametric optimization problem and it is based on the modi-
fication of the nominal waypoints of the aircraft trajectories.
With the proposed CR process it is possible to obtain a new
set of trajectories with an acceptable value of the conflict
probability and with a minimum deviation from the nominal
trajectories.

The method has been applied to a particular scenario and
some numerical results has been presented. A uniform wind
distribution has been considered for the numerical application.
The uncertainty information to determine the wind probability
density function has been obtained from weather ensemble
forecasting.

The consideration of different types of wind probability
distributions or correlated wind-fields in which the wind
velocity varies with the position is left for future work. The
employment of wind information sources different from the
EPS could also be of great interest. Next steps in this line of
investigation also include the task of considering trajectories
with altitude and velocity changes, of potential application to
Terminal Maneuvering Areas.
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