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Abstract

The development of air traffic during the last
years, has greatly increased the density of air-
craft in the airspace, and congestion on major
airports. Indeed, on many airports, the taxi
operation of aircraft between parking posi-
tions and runways, causes delays. The prob-
lem is increased by the development of hubs.
In this article, a taxi optimisation tool us-
ing a Genetic Algorithm is introduced and
tested on Roissy Charles De Gaulle Airport.
The tool can help choosing the best taxiways
to reduce the time spent from the gate to the
runway or the runway to the gate, respecting
the separation with other aircraft. It can also
help choosing one way taxiways regarding to
traffic and wind, and also measuring the im-
pact of opening a new taxiway or closing an
existing taxiway. Simulations are presented
on a one day traffic at Paris Roissy. Delays
are correlated to the traffic density on the
airport.

1 Introduction

Development of hubs have generated new problems for
ground operations, as all aircraft are tending to move
at the same time on the airport. Thus, new delays
are introduced on major airports due to ground con-
gestion. Airport designers are tempted to build new
taxiways to reduce congestion and improve the effi-
ciency of ground operations, but by the moment, no
tool can help them to measure the efficiency of their
choices.

As many research projects are concentrated on deci-
sion making tools for airspace controllers, little work
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has been done on ground control. The SIMMOD!
project developed by the FAA? is a heavy software
that was not designed to give any advice to ground
controllers. The SMA? project was developed by the
FAA and NASA* to help current airport facilities to
operate more efficiently. Many efforts were concen-
trated on improving the information sharing of the
different operators on the ground. The DP® project
([IDA198]) only focuses on improving the performance
of departure operations, without taking into account
the taxi problem. The TAAMS project ([Gro99)) is de-
veloped by The Preston Group. Trajectory optimisa-
tion partly exists and it uses notions of reachable gates.
The conflict detection and resolution is not developed.
Finally, a component of the TARMAC” project, de-
veloped by the DLR® Institute of Flight Guidance,
focuses on the ATC?-related traffic planning systems
for airport movements, but does not introduce any op-
timisation tool to taxi aircraft.
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In this article, a taxi optimisation tool is introduced
and tested on Roissy Charles De Gaulle Airport. The
tool chooses the best trajectory to reduce the time
spent from the gate to the runway or the runway to
the gate, respecting the separation with other aircraft.
It can also help choosing one way taxiways regarding
to traffic and wind, and also measuring the impact
of opening a new taxiway or closing an existing taxi-
way. The problem is introduced and modelled in the
first part. The different algorithms used to solve the
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problem are detailed in part 2. The last part gives
the results of a full simulation on a one day traffic on
Roissy Airport.

2 Problem modelling

The problem is to find for each aircraft an optimal path
from its parking to a given runway holding position or
from its runway exit to its parking, and respect a given
separation between aircraft.

An optimal path can have different definitions as for
example the length of the path or the total taxiing
time. Holding on a taxiway can be more or less pe-
nalising than increasing the length of the path. It can
be cheaper to hold at the parking position than on a
taxiway.

It can be better, for example, to lengthen slightly the
routes of two aircraft than to make one aircraft wait
a long time. Therefore a global optimum criteria will
have to be defined in the following. However, the pur-
pose of this article is not to discuss the choice of such
criteria, which depend on many different factors re-
lated to the airport geometry, the traffic, and airlines
preferences. . .

By the way, it is quite difficult to predict with a
good accuracy the future positions of aircraft on taxi-
ways. First of all, the exact departure time is generally
known only a few minutes in advance (many factors
can cause delays), and the exact landing time depends
on the runway sequencing. A modelling that can af-
ford these uncertainties is necessary in order to build
a realistic tool.

2.1 Airport structure

The airport is defined by a graph: links represent taxi-
way segments whereas nodes are taxiway intersections
or connections, parking, holding positions, and run-
way exits. Figure 2 represents the graph of Roissy
airport. The graph is obviously connected. A Dijkstra
algorithm [AMO93] can be used to compute the mini-
mum length from any node of the graph to every park-
ing, holding point, or runway exit. An A* algorithm
[Pea84] can as well be used to compute the minimum
length from any node of the graph to every parking,
holding point or runway exit, taking into account the
limitations in terms of turning rate. Therefore, extra
time is added depending on the turning rate (see figure

1).
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Figure 1: Additional delay as a function of the turning
angle

2.2 Aircraft possible manoeuvres

In order to minimise the delays and ensure the separa-
tions, the path of aircraft can be modified, or aircraft
can hold position at their parking, on taxiways or at
the holding point before taking off. Two aircraft are
in conflict if the distance between them is less than 60
meters at every time, except on the parking position on
which this distance can be reduced. In order to have
simple manoeuvres, only one holding order should be
given to the pilot at a time (starting at to and ending
at t1). The path should also respect some constraints:
turning angles are limited by the aircraft performance,
an aircraft should not use the same taxiway twice in
the same direction, there cannot not be more than one
aircraft on a runway at the same time ...In order to
simplify the problem, aircraft are supposed to have
constant speed except when they turn.

Alternate paths lengthening the trajectory less than
a certain distance can be computed with a simple
Branch and Bound algorithm [HT95].

Figure 2 gives an example of the shortest path cal-
culated between a runway exit and a gate. The 467
alternate paths lengthening the trajectory less than
500 meters are also represented.

2.3 AGTO modelling

As the aircraft future positions and movements are not
known with a good accuracy, it is necessary to regu-
larly update the situation, every A minutes for exam-
ple. By the same time, looking a long period ahead is
not possible as predictions are not good enough. Con-
sequently a time window T, > A is defined.
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Figure 2: Roissy airport graph - Example of shortest and alternate paths
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Figure 3: Time window

Only aircraft arriving or taking off in the time window
will be considered. The time window will be shifted
every A minutes, the problem reconsidered and a new
optimisation performed. As an aircraft may taxi more
than Ty, minutes, the horizon effect problem can ap-
pear. Indeed, as we only look at aircraft during the T,
period, a conflict may appear a few seconds after the
end of the T, period without being detected. In order
to prevent the optimisation process from building so-
lution that would not be acceptable at the next shift,
the time window is increased of a seconds during the
optimisation process (see figure 3).

3 GAs applied to AGTO

In this paper, classical Genetic Algorithms and Evo-
lutionary Computation principles such as described in
the literature [Gol89, Mic92] are used. The algorithm
is used every A minutes on the problem defined in
section 2.3.

3.1 Data structure

During each optimisation process, each aircraft tra-
jectory is described by 3 numbers (n, tg, t1). n is the
number of the path : as detailed in section 2.2, all
the alternate paths lengthening the aircraft trajectory
less than some distance can be initially computed and
sorted. The aircraft may hold position at ¢y and re-
sume taxi at t; (if tp = t1, the aircraft does not stop).
When N aircraft are simultaneously taxiing, the prob-
lem is defined by 3NV variables.

3.2 Fitness function

The fitness function must ensure that a solution with-
out any conflict is always better than a solution with a
conflict. Consequently it was decided that the fitness
of a solution without conflict should be less than % and
the fitness of a solution with a conflict more than %
The different conflicts between each pair of aircraft can
be initially computed in a (n x n) matrix (see table 1).
A conflict during 3 time steps between aircraft ¢ and
j sets elements (i,7) and (j,4) to 3. Element (4,4) is
filled with the trajectory lengthening due to the path
chosen and holding time (¢t; — tg).

L - ) (i) (n)
(), 8 0 0 0 0 0 0 0 0
2 0 0 0 0 O 0 0 0 0
... 0 0 3 0 0 0 0 0 0
GG o0 o0 0 0 0 3 0 0 0

0O 0 0 0 25 0 0 0 0
G o o0 0 3 0 0 0 0 0

0O 0 0 0 O 0 0 0 0
.. 0 0 0 0 O 0 0 0 0
mM) 0 0O O O O O 0 0 O

Table 1: Fitness matrix

Using the fitness matrix My, it is possible to compute
the fitness value as follows :

If the matrix is diagonal :

1 1
F=:+ —
2 T T S, M)

Else :

Fo 1
2+ Eiq Mf(i;j)

3.3 Crossover operator

The conflict resolution problem is partially separable
as defined in [DA98, DAN96]. In order to increase the
probability of producing children with a better fitness
than their parents, principles applied in [DA98] were
applied. For each aircraft i of a population element,
a local fitness F; value is defined as the sum of the
it? line (or column) of the fitness matrix (except the
diagonal element).

Fi= Ej;éz' Myi, j

The crossover operator is presented on the figure 4.
First two population elements are randomly chosen.
For each parent A and B, fitness A; and B; of aircraft
i are compared. If A; < B;), the children will take
aircraft i of parent A. If B; < A;, the children will take
aircraft ¢ of parent B. If A; = B; children randomly
choose aircraft A; or B; or even a combination of A;
and B;.

3.4 Mutation operator

For each candidate to mutation, parameters of an air-
craft having one of the worst local fitness are modified
(n,to,t1). If every conflict is solved, an aircraft is ran-
domly chosen and its parameters changed.
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Figure 4: Crossover operator

The crossover and mutation operators are quite de-
terministic at the beginning because there are many
conflicts to solve. They focus on making feasible solu-
tions. When the solutions without conflict appear in
the population, they become less deterministic.

3.4.1 Sharing

The problem is very combinatorial and may have many
local optima. In order to prevent the algorithm from
a premature convergence, the sharing process intro-
duced by Yin and Germay [YG93] is used. The com-
plexity of this sharing process has the great advantage
to be in nlog(n) (instead of n? for classical sharing) if
n is the size of the population.

A distance between two chromosomes must be defined
to implement a sharing process. Defining a distance
between two sets of IV trajectories is not very simple.
In the experiments, the following distance is used in-
troduced:

Zéio |lAi lBi
N

D(A,B) =

la; (resp Ip,) is the i** aircraft path length of chromo-
some A (resp B). As the paths are sorted according to
their length, the distance increases with the difference
of lengths.

3.5 [Ending criteria

As time to solve a problem is limited, the number of
generations is limited, as follows: as long as no avail-
able solution is found, the number of generation is lim-
ited to 100. The algorithm is stopped 20 generations

after the first acceptable solution (with no remaining
conflict) is found.

4 Experimental results

The experimental results presented in this section have
been computed with real flight plans on a complete day
at Roissy Airport (May 22" 1999). During that day,
some aircraft land, other aircraft take off and some
aircraft land and take off. Aircraft are assigned to
terminals according to the airline they belong to (for
example an Air France flight is assigned to Roissy 2).

When taking off or landing, aircraft are randomly as-
signed one of the two runways. They are sequenced
on runways every minute using the first in first out
principle.

Three hypotheses are done:
e in the “random hypothesis”, taking off and

landing aircraft are randomly allocated both run-
ways.

e in the “deterministic hypothesis”, taking off
and landing aircraft are allocated the runway that
minimises the distance to the allocated parking.

e in an “middle hypothesis”, taking off aircraft
are randomly allocated both runways and landing
aircraft are allocated the runway that minimises
the distance to the parking.

The three hypotheses are tested with the genetic al-
gorithm. The last hypotheses is tested with a 1-to-n
strategy that uses an A* algorithm: aircraft are sorted
according to their time of departure or arrival, each
aircraft trajectory is then optimised considering previ-
ous aircraft trajectory as a constraint.

4.1 Parameters
o Ty =12mn
e a=A=3mn
e Population size: 300
e Max number of generations: 100
e Crossover rate: 60%
e Mutation rate: 15%

e Selection principle: stochastic reminder without
replacement,
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[ Hypothesis | mean delay | maximum number of aircraft ||
random (GA) 255 55
deterministic (GA) 198 48
middle (GA) 195 16
middle (4% 571 15

Table 2: Mean delay and maximum number of aircraft for the different hypotheses

4.2 Comparing 1-to-n to the global strategy

Figure 5 gives the mean delays as a function of the
number of aircraft moving on the taxiways for the dif-
ferent hypotheses. The 1 to n method using an A* al-
gorithm produces more delays than the global method
using the Genetic Algorithm, whatever the chosen hy-
pothesis.

Table 2 gives for the different hypotheses the mean
total delay and the maximum number of aircraft si-
multaneously moving.

The middle hypothesis (GA) penalises less aircraft
than the other hypotheses and a smaller number of
aircraft are moving at a time. The random hypothesis
(GA), which is probably more in accordance with real-
ity (the parking position does generally not influence

the runway allocation), is more penalising (each air-
craft is delayed 1 minute more). The 1-to-n strategy
is more penalising for a number of aircraft that is not
bigger, which can be explained by the weakness of the
strategy.

4.3 Genetic algorithm efficiency

In order to observe the GA efficiency, figure 6 gives
the number of generations required by the GA as a
function of time. the different peaks appearing at 7,
8, 10, 11 am and 5 pm are the traffic peaks. Figure
7 shows the correlation between the number of gener-
ation required by the GA and the number of moving
aircraft on the ground.
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5 Conclusion and further work

This preliminary work has shown that it was possible
to build a taxiway adviser in order optimise the aircraft
ground traffic on big airports such as Roissy Charles
de Gaulle. If many hypotheses have been simplified
in order to focus on the algorithm, it can be noticed
that the modelling can be improved in order to take
into account different speeds, uncertainties on speeds
etc... without changing the algorithm itself. Further
work will focus on these improvements. Genetic Algo-
rithms are very efficient on the problem as they search
the global optimum of the problem whereas a deter-
ministic algorithm such as an A* algorithm can only
reasonably be used with a 1-to-n strategy, which is
Very poor.
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