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Abstract In future traffic synchronization, delays that occur due to sequencing and merging operations
will be partly absorbed by speed control techniques. This promises to be more fuel and workload efficient
than today’s holding or radar vectoring. However, trajectory prediction errors may propagate through
the airspace, leading to additional delays. In this paper, we analyze the impact of trajectory prediction
errors on the fuel efficiency of speed control techniques. We build a stochastic model of delay propagation
and conclude that in high traffic densities, a balance between delay absorption on low and high altitudes

is reasonable, even when the objective is to minimize fuel consumption.
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1 Introduction

Flow optimization in air transportation networks
typically occurs on three levels: strategic, pre-
tactical and tactical. In Europe and Japan, the
tactical optimization distributes departure slots
among aircraft, such that the demand does not ex-
ceed airspace capacity. These decisions are based
on trajectory predictions. As a matter of fact, un-
certainty factors, such as weather conditions or un-
known aeronautical parameters, but also the com-
petition between airlines for punctual arrivals, can
disturb the optimization results and re-create ca-
pacity excess, especially in the surrounding of large
airports. This causes safety problems, high con-
troller workload, and fuel-inefficient trajectories.

A solution is to re-optimize trajectories of al-
ready flying aircraft. One speaks of ‘queue manage-
ment’, or also ‘traffic synchronization’ [1, 2]. This
means that the decision variables to the queue man-
agement problem are not only the departure times
of aircraft, but rather their whole trajectories, sub-
ject to queueing delays that have to be absorbed
during the flight.

In delay absorption, the following trade-off be-
tween individual and total fuel-efficiency in the
presence of trajectory prediction errors is known
from the literature [3]: when queueing delays are
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absorbed in high altitudes, fuel burn is minimized
for individual flights. But due to random delays,
there is a risk of under-usage of the runway capac-
ity. Lost landing slots may propagate back to the
remaining aircraft, which increases the total delay,
and as a consequence the total fuel burnt. This
means that queueing delays have to be distributed
between the low altitudes (fuel inefficient) and high
altitudes (fuel efficient), even when the objective is
to minimize fuel consumption.

The purpose of our research is to identify strate-
gies for efficient delay distribution in the air trans-
portation network. In a previous study we found
that in the deterministic case, delay absorption in
high altitude does not propagate to the following
aircraft [4]. The contribution of this paper is a
closer look at the impact of trajectory uncertain-
ties on delay propagation. We build a stochastic
model of the propagation of delays through high-
density airspace and characterize then the condi-
tions of fuel-efficient arrival flows.

The remainder of the paper is organized as fol-
lows. In the next section, we introduce the delay
absorption model. Then we show our main results.
Finally, we summarize the work and give ideas for
future work.
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Figure 1: Delay absorption under uncertainty.

2 Queueing Model

Consider a single trajectory, as depicted in Figure
1. An aircraft ¢ arrives at the top of descent (TOD)
on the cruise level and then descends towards the
runway threshold. Due to sequencing and merging
with other aircraft, a queueing delay d; > 0 occurs.
Currently, these delays are absorbed by radar vec-
tors on low altitude (dotted lines). This is flexible
but also workload and fuel inefficient. In the future,
a part of these delays shall be absorbed during the
cruise phase, by adjusting the speed correspond-
ingly early in advance. This is more workload and
fuel efficient than the radar vectors. We denote this
part of delay by (1 —a)d;, 0 < a <1.

A problem with delay absorption on high alti-
tude is that aircraft may fail to meet their sched-
uled arrival times at the TOD (red circle) [5]. Such
trajectory prediction errors may propagate through
the network.

Figure 2 shows the same situation on the time
axis. Due to queueing delays, the aircraft is sched-
uled to arrive at the TOD at time sta; = eta; +
(1 — a)d;, where eta; is its initially estimated time
of arrival (blue circle). The remaining delay «ad;,
to be absorbed on the low altitude, is illustrated
by the green box. In reality, the aircraft arrives at
ata; = sta; + €;, where ¢; € R is a trajectory pre-
diction error (red circle). One can guess that delays
will propagate backwards when the prediction error
€; is larger than ad;.

Our paper addresses the following question:
what is the most fuel efficient distribution of the
queueing delay between high and low altitude in
the presence of trajectory prediction errors?
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Figure 2: Queueing model with delay absorption
buffer.
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Figure 3: Scheduling process and delay propaga-

tion.

3 Current Results

3.1 Delay Propagation

Consider now a flow of n aircraft with scheduled
times of arrival at the top of descent sta; < stas <
... < sta, and corresponding queueing delays d; =
sta; — eta;. Figure 3 summarizes the scheduling
process. One part of the delay is absorbed before
arriving at the gate, the other part is absorbed on
low altitude, indicated by the green boxes. Then,
a trajectory prediction error at the top of descent
occurs. Finally, the flow is re-scheduled, leading
eventually to a propagation of trajectory prediction
errors (red boxes).

The propagation of trajectory prediction errors
depends on the spacing between aircraft and the
buffer sizes ad;. This can be analyzed exactly, but
it leads to complicated expressions (see [6] for de-
tails). But in high traffic densities, the spacing be-
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Figure 4: Average propagated delay.

tween aircraft is almost regular. Our idea is thus
to approximate the propagated delay of aircraft ¢

by
D k(e
Pyt { 0(

where k is the number of aircraft affected by the
propagation. This means that we assume that the
same amount of delay is propagated to k following
aircraft. In reality, natural spacing between air-
craft will absorb the propagated delay and making
it smaller and smaller. This is why equation (1) is
an approximation. D is a random variable, because
it depends on the trajectory error € and the queue-
ing delay d. Since d; > 0, the expected propagated
delay of aircraft i, conditional on the number of
aircraft that are affected by the propagation is

i Oédl) if €; Z adi

else,

(1)

o uja

(D,.i|k) fk/ / u — aw) f(u)g(v)dvdu, (2)

u=0v=0

where f(u) and g(v) are the probability density
functions of € and d respectively.

Equation (2) can be solved analytically or nu-
merically, depending on the particular forms of the

probability density functions. Figure 4 shows a typ-
ical result: the propagated delays (vertical axis)
fall sharply with increasing buffer size (horizontal
axis), as expected. The three bold lines are from a
Monte-Carlo simulation with different values of the
standard deviation of the trajectory error o. (15,
30, 60 sec). The dotted lines are obtained from
equation (2). In the illustrated case, we assumed
a Markovian system, with Poisson arrivals, expo-
nentially distributed metering times and uniformly
distributed trajectory errors. This was unrealistic,
but it enabled us to solve equation (2) analytically.
In more realistic simulations, we assumed randomly
disturbed, pre-scheduled arrival flows with constant
metering times, as discussed in [7]. As far as the
trajectory errors were concerned, we experimented
with Gaussian, truncated Gaussian and convolu-
tions of uniform distribution, as suggested in [3].
It turned out that in very high traffic densities,
such queueing systems show similar characteris-
tics as the Markovian ones. Currently, for small
standard deviations of the trajectory errors o, the
model predicts the propagated delays well (except
for @« = 0). The poor performance in the high error
case (0.=60 sec) is currently under investigation.

3.2

The minimization of fuel consumption depends on
the queueing delays and the trajectory prediction
errors of all aircraft. A numerical optimization al-
gorithm can be used to calculate it. But in equilib-
rium, provided it exists, the average queueing delay
is a constant. Minimizing average fuel consump-
tion then simplifies to a solution of the following
two equations

Fuel optimization

ming c(a) = [ac + (1 — a)epld(@) (3)
st. d(a) =d, + E(Dy(a)), (4)

where dj is the average queueing delay, E(D,) is the
unconditional propagated delay, and ¢y, ¢; are the
fuel consumption indices in high (low) altitude in kg
per minute. Equation (3) is the total fuel consump-
tion, which depends primarily on the buffer size a.
Equation (4), in turn, is the average of solutions of
equation (2) for all aircraft. The calculation of the
minimum can be done by elementary methods.
Figure 5 illustrates the system of equations. The
horizontal axis is the fraction of queueing delay that
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Figure 5: Trade-off in delay distribution.

is absorbed on low altitudes, designed by « € [0, 1].
The vertical axis has two units: propagated de-
lays and fuel consumption (both are normalized in
our illustration). The green line is the propagated
delay that occurs due to trajectory prediction er-
rors. It decreases sharply with increasing fraction
of absorbed delay in low altitude. The intuition is
that the low altitude serves as a buffer for late ar-
rivals. The blue line is the fuel consumption in the
case that no trajectory prediction errors occur. In
this case, the most fuel-efficient strategy is to ab-
sorb all queueing delays in high altitude (o = 0).
The red line is the fuel consumption under the ef-
fect of delay propagation. The trade-off between
the low altitude (fuel inefficient) and high altitude
(fuel efficient) delay absorption can be seen as the
minimum value of the curve. Currently, our re-
search identifies the conditions under which such
minimum values exist, such as the traffic densities
and the magnitude of trajectory prediction uncer-
tainty.

4 Conclusions and Future

Work

In future traffic synchronization, the delays that
occur due to sequencing and merging operations
will be absorbed partly by speed control techniques.
This is potentially more fuel and workload efficient
than today’s holding or radar vectoring on low al-

titudes. However, trajectory prediction errors may
propagate through the airspace, leading to propa-
gated delays and fuel consumption.

This paper described shortly our research on
queueing models to quantify the amount of prop-
agated delay. We analyzed the fuel efficiency of
arrival flows under the angle of a balance of de-
lay absorption between high (fuel efficient) and low
(fuel inefficient) altitudes.

Our current results suggest that in high traffic
densities, low altitude delay absorption is likely to
be necessary in the future in order to absorb tra-
jectory prediction uncertainties. This is useful in-
formation for future traffic synchronization, where
new ground delay strategies will be available to gen-
erate more accurate and efficient traffic patterns.
For future work, more details about the conges-
tion patterns of synchronized traffic flows have to
be obtained, for example in the lines of research
performed by [7].
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