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In theory, there is no difference between theory and practice. In practice, there is.

- Jan L. A. van de Snepscheut
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1 General Introduction

A Scientific Article
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Departure Manager improvement through Vision-based
Predicted End of Ground handling Time

A case study at Amsterdam Airport Schiphol

J.P.H. Bremer
Under the supervision of Dr.ir. J. Ellerbroek (TU Delft) and Dhr. F. Dijkstra (L\VNL)
Faculty of Aerospace Engineering, Delft University of Technology

Abstract—Departure management at major airports relies on
Target Off-Block Time (TOBT), a human-declared readiness esti-
mate that is prone to inaccuracy. Sensor-derived predictions from
computer-vision turnaround monitoring offer a complementary
signal, but their higher update frequency and distinct error
profile risk destabilising the departure sequence. This study eval-
uates whether Predicted End of Ground handling Time (PEGT)
predictions can improve departure sequencing at Amsterdam
Airport Schiphol without sacrificing schedule stability. A charac-
terisation of operational PEGT data shows that PEGT becomes
more accurate than TOBT within approximately 27 minutes
of departure, but produces nearly twice as many updates and
exhibits pessimistic bias in the final minutes before off-block.
These properties motivate the design of selective acceptance
filters. Using a reconstructed rule-based Departure Manager and
counterfactual replay of 21,152 departures across 31 operating
days (August 2024), 230 configurations of five conjunctive, in-
terpretable acceptance filters were evaluated via Latin hyper-
cube sampling. Results show that unrestricted PEGT adoption
reduces vacated slots by 22.6% but increases late resequencing
by 18.6%, confirming that improved accuracy alone does not
guarantee operational improvement. However, selective filtering,
predominantly through suppression of frequent and late-stage
updates, identifies a regime of 55 configurations (24% of those
tested) that simultaneously improve all five metrics (resequencing
(—0.6%0), late resequencing (—6.6%), vacated slots (—13.3%),
TSAT delay (—1.6%), and on-time performance (+0.2%)) relative
to the TOBT-only baseline. These configurations improve both
the TOBT-only and naive unrestricted-PEGT baselines on every
tested metric, demonstrating that composite use of TOBT and
selectively filtered PEGT can transcend the baseline stability—
slot adherence trade-off. The results are based on one month of
nominal operations at Amsterdam Airport Schiphol; generalisa-
tion to disrupted conditions and other departure management
architectures requires further investigation.

I. INTRODUCTION

Aviation is an important sector in Europe for economic
and social connectivity, supporting nearly 5 million jobs and
contributing approximately €300 billion (2.1%) to European
GDP (European Commission, 2025). With European air traffic
projected to grow by 1-2% annually through 2030 (slower
than the global average due to market saturation). Airports
and airspace will increasingly operate near capacity limits.
In this mature, capacity-constrained environment, predictable
operations become essential: unlike emerging markets that
can expand infrastructure, European aviation must optimise
existing resources.

Despite traffic volumes almost back at pre-pandemic levels,
punctuality has not recovered. In 2024, European network
departure punctuality was 66.2% (-6.5pp vs. 2019), while
average departure delay reached 17.5min per flight (+35%
vs. 2019) (Eurocontrol, 2025; Walker, 2025). At Amsterdam
Airport Schiphol, departure punctuality stood at 67%, similarly
below 2019 levels (Eurocontrol, 2025). Part of this degradation
coincided with a 50% increase in weather-disrupted days
compared to 2023.

Importantly, the comparison across major European hubs
in Table | shows that high traffic volumes do not inherently
imply low punctuality. Airports with comparable daily move-
ments are able to achieve a higher departure punctuality than
Schiphol. This persistent performance gap motivates targeted
intervention in the departure phase, where surface and runway-
side decisions directly shape throughput, delay propagation,
and schedule predictability.

TABLE |
MAJOR EUROPEAN AIRPORTS (EXCEEDING 1,000 DAILY MOVEMENTS)
AND THEIR DEPARTURE PUNCTUALITY (PERCENTAGE OF FLIGHTS
DEPARTING WITHIN 15 MIN OF SCHEDULED TIME) OVER 2024.

Airport daily movements [#] dep. punctuality [%]
median mean median mean
Istanbul (LTFM) 1400.5 1401.1 77.2 74.9
Madrid (LEMD) 1162.0 1148.4 71.8 70.9
London (EGLL) 13135 1301.5 70.2 68.7
Amsterdam (EHAM)  1350.5 1336.3 67.4 65.7
Frankfurt (EDDF) 1250.0 1204.5 61.7 60.5
Paris (LFPG) 1296.5 1275.3 59.6 58.2

Source: https://www.eurocontrol.int/Economics/DailyPunctuality- Airports.html.

A. Departure management and A-CDM

At airports, departures can be constrained by runway ca-
pacity, separation requirements (wake vortex and route inter-
actions), and surface limitations (pushback conflicts, taxiway
congestion, de-icing queues). To manage these constraints
efficiently, modern airports employ a pre-departure sequencing
system that implements virtual queuing: aircraft are held at
their gates until a runway slot becomes available, rather than
physically queuing at holding points. This reduces fuel burn
and surface congestion while improving predictability for air
traffic control (ATC) and airport stakeholders (SESAR-JU,
2011).



Virtual queuing operates within the Airport Collaborative
Decision Making (A-CDM) framework, which supports shared
planning between airlines, ground handlers, the airport oper-
ator, and air traffic control. Runway access is managed via a
sequence of target times. Each flight is assigned a Target Take-
Off Time (TTOT), the planned time at which it should depart
from the runway. Based on the expected taxi-out duration, this
is converted into a Target Start-up Approval Time (TSAT),
the planned time at which the aircraft should receive start-up
approval (push back) so it can taxi and reach the runway in
time. The effectiveness of this planning chain depends largely
on a single uncertainty: when the aircraft will actually be ready
to leave the gate.

B. Aircraft readiness estimation

The Target Off-Block Time (TOBT) is the declared estimate
of when an aircraft will be ready for pushback. That is, when
the turnaround is complete and wheel chocks can be removed.
TOBT s the primary interface between the stochastic, multi-
actor turnaround process and deterministic runway-slot plan-
ning (Snijders, 2024).

This interface is inherently difficult to manage. The
turnaround comprises numerous interdependent tasks (e.g.,
crew positioning, fuelling, catering, baggage handling, board-
ing, and technical checks), yet operational readiness is rep-
resented by a single scalar time that must be revised as
uncertainty resolves. If TOBT is optimistic or updated late,
runway capacity is reserved for aircraft that cannot utilise
it, causing unused slots and reactionary delay propagation
to other flights. Conversely, if TOBT updates are frequent
or erratic, TSAT assignments become volatile, increasing the
coordination workload and reducing predictability for airlines,
ground handlers, and ATC. Over time, such instability can
erode stakeholder confidence and reduce adherence to the
target times, thereby undermining the coordination benefits of
the A-CDM process.

C. Schiphol’s departure sequencer

At Schiphol, the current pre-departure planning tool, the
Collaborative Pre-Departure Sequence Planner (CPDSP) has
been criticised for producing volatile outputs that are difficult
to anticipate. In response, LVNL (Air Traffic Control the
Netherlands) is implementing a new sequencer designed to
improve stability and incentivise timely, reliable readiness
information.

The proposed new sequencer at Schiphol is called Departure
Manager (DMAN), which organises departures into fixed 10-
minute planning bins instead of one continuous planning. It
applies a lexicographical priority rule set to resolve demand-
capacity imbalances (Frequentis, 2021, 2022). This rule-based
and binning approach trades some theoretical optimality for
reduced schedule volatility. If flights provide timely, reliable
readiness information, the runway utilisation is maximised,
and little delay has to be incurred.

D. Sensor-derived readiness signal: PEGT

Recent developments provide an additional readiness
estimate alongside the human-declared TOBT. Schiphol
has deployed camera-based turnaround monitoring (Deep
Turnaround), which uses machine vision to produce a Pre-
dicted End of Ground handling Time (PEGT). Like TOBT,
PEGT estimates when the aircraft will be ready for push-
back; however, whereas TOBT is declared by ground-handling
staff based on their planning intent, PEGT is continuously
updated based on observed turnaround sub-process states at
the stand (including fuelling, cargo, catering, cleaning, and
boarding) rather than on stakeholder declarations (Aviation
Solutions, 2023; Schafer & Alexopoulos, 2024). The term
‘ground handling’ in PEGT is used as an umbrella for all
stand-side turnaround activities. This new data stream has
limited operational evidence; its accuracy, update stability, and
failure modes have not yet been characterised in the departure-
planning context.

Conceptually, PEGT offers an independent, sensor-derived
signal that could become more accurate or respond more
consistently to certain delays than TOBT updates. In contrast,
TOBT reflects the reported intention of when the aircraft will
be ready, declared by experienced ground personnel. However,
it may lag behind operational changes or reflect strategic
behaviour.

Because the proposed Departure Manager consumes a single
readiness input per flight, introducing PEGT as a second, par-
allel signal would require substantive changes to the planning
interface and decision logic. This study therefore treats PEGT
integration as a retrofit: TOBT and PEGT are combined into
one fused readiness time that can be passed to the scheduler
without restructuring the DMAN. The fusion is defined by an
explicit, interpretable policy that specifies when the human-
declared intent signal (TOBT) or the sensor-derived estimate
(PEGT) should govern the operational plan.

E. Research gap

Prior work established that the proposed Schiphol DMAN
is sensitive to the timing of readiness information: replaying
historical operations with TOBT updates shifted 5-10 minutes
earlier reduced unused capacity and improved schedule quality
(Snijders, 2024). Notably, these gains were achieved without
changing the underlying accuracy of TOBT, indicating that
earlier availability of readiness information can be opera-
tionally valuable.

However, this experiment assumes that readiness updates
could have been known and communicated earlier, whereas
in practice, part of that information could not have been
available at the time. While some improvement may be achiev-
able through better procedures, training, or incentives for the
personnel declaring TOBT. The deployment of sensor-derived
PEGT therefore introduces a fundamentally different readiness
signal that could fill this information gap. The resulting ques-
tion is therefore how PEGT’s distinct dynamics affect a rule-
based, fixed-bin planner when used for operational decision
making.



The central knowledge gap is: how does a sensor-derived
readiness signal (PEGT), with its own accuracy profile and
update dynamics, interact with the proposed DMAN’s fixed-
bin planning and priority-based sequencing, and under what
fusion policies, if any, can it improve departure performance
without destabilising the outbound sequence?

Addressing this gap is challenging for two reasons. First,
the impact is systemic: slot assignments depend on the relative
ordering of multiple competing flights rather than on a single
flight’s readiness estimate in isolation. Consequently, a signal
that is more accurate on average can still degrade performance
if it increases resequencing and reduces schedule stability.
Second, PEGT’s operational characteristics (e.g., bias, vari-
ability, update behaviour, and failure modes) have not yet been
characterised in literature, making it unclear if (and under
which conditions) PEGT can be preferred over the human-
declared TOBT.

F. Research objective

This paper investigates whether, and under what condi-
tions, incorporating PEGT into departure planning at Schiphol
improves DMAN performance relative to TOBT-only opera-
tion. The study uses a simulation-based replay of historical
operations to compare TOBT-only, PEGT-substitution, and
Composite TOBT scenarios, evaluating trade-offs between slot
efficiency and sequence stability.

This paper makes the following contributions:

1) A quantitative characterisation of PEGT prediction be-
haviour (accuracy, bias, update frequency, and limita-
tions) relative to TOBT in operational data.

2) A set of interpretable acceptance and filtering policies for
integrating PEGT updates into a Composite TOBT-PEGT.

3) A comparative evaluation of DMAN performance un-
der TOBT-only, PEGT-only, and composite TOBT-PEGT
scenarios, using metrics for slot utilisation, TSAT delay,
sequence stability, and departure punctuality.

4) Operational guidance on when and why PEGT should
be accepted or rejected, informing future deployment
decisions.

G. Approach

The study performs a case study at Amsterdam Airport
Schiphol using operational data from August 2024. A Python-
based reconstruction of the proposed DMAN replays histori-
cal flight records under counterfactual information scenarios.
Performance is assessed using four metric categories: slot util-
isation (vacated slots), start-up delay (TSAT delay), schedule
stability (resequencing frequency), and departure punctuality
(OTP15).

H. Paper structure.

Section Il elaborates on: A-CDM, pre-departure sequencing,
turnaround prediction, and positioning PEGT within readiness-
estimation research. Section Il compares PEGT and TOBT
across their operational behaviour. Section IV details the data
sources, DMAN reconstruction, taxi-time modelling, PEGT

characterisation, and Composite TOBT-PEGT policy design.
Section V presents experimental results and their operational
interpretation. Section VI discusses findings and outlines di-
rections for future research.

Il. BACKGROUND AND RELATED WORK

This section defines the concepts and constraints required
to understand the PEGT analysis, fusion methodology, and
evaluation framework presented in subsequent sections.

A. System Boundary and Operating Context

At Amsterdam Airport Schiphol, pre-departure sequencing
determines when each aircraft may push back and start taxi-
ing to its assigned runway. The quality of this sequencing
directly affects runway throughput, network slot compliance,
and schedule predictability for airlines, handlers, and air traffic
control (ATC). The system boundary of this study spans the
A-CDM information chain from declared aircraft readiness
(ground handler) to runway-slot assignment (ATC: outbound
planner) to start-up approval (ATC: delivery controller) to
taxiing (ATC: ground controller) and finally take-off clear-
ance (ATC: runway controller). Upstream processes (arrival
management, stand allocation, turnaround execution, runway
configuration usage) and downstream operations (en-route
flow) are treated as boundary conditions rather than decision
variables.

B. A-CDM Vocabulary and Update Discipline

Airport Collaborative Decision Making (A-CDM) coordi-
nates information exchange among airlines, ground handlers,
airport operators, ATC, and the network manager through
a standardised set of target times (Eurocontrol, 2009). The
timestamps relevant to this study are defined in Table II.

TABLE 1l

A-CDM TIMESTAMPS USED IN THIS STUDY.

Acronym  Definition

TOBT Target Off-Block Time: declared time at which the air-
craft is expected to be ready for pushback upon clearance.

TSAT Target Start-up Approval Time: time at which ATC
intends to approve engine start and pushback, derived
from TTOT.

TTOT Target Take-Off Time: planned take off time, result of
the sequencer & outbound planner.

CTOT Calculated Take-Off Time: externally imposed slot con-
straint from Eurocontrol when demand exceeds en-route
or destination capacity. TTOT must be within CTOT 5
min and CTOT+10 min

AOBT, Actual Off-Block Time and Actual Take-Off Time:

ATOT recorded execution times used for performance evalua-
tion.

AEGT Actual End of Ground handling Time: recorded time at
which the aircraft completes all ground-handling tasks.

SOBT Scheduled Off-Block Time: published departure time

from the airline schedule, used for strategic planning.
Initial reference before operational updates.

TOBT is the primary readiness input to the pre-departure
sequencer: it represents the aircraft operator’s commitment that
the turnaround will be complete and pushback can occur im-
mediately upon clearance. The sequencing procedure operates



as follows: expected taxi-out time is added to the declared
TOBT to obtain the earliest feasible take-off time, which then
enters the runway sequencer. The sequencer assigns a TTOT
by resolving conflicts arising from runway capacity, CTOT
constraints, and optionally wake-vortex separation and SID
divergence requirements. The TSAT is subsequently derived
by subtracting the expected taxi-out duration from the assigned
TTOT. The relationship between these timestamps is illustrated
in Figure 1.

Within the A-CDM framework, stakeholders follow struc-
tured update procedures intended to stabilise the pre-departure
plan and limit late-stage schedule churn. When TOBT in-
formation is timely and credible, the resulting TSAT and
sequencing decisions support more efficient runway utilisation
and improved predictability. However, because TOBT is a
stakeholder-declared intent time, it can be subject to incentive
misalignment: actors may report optimistic TOBTS to obtain
favourable target times and only revise them once delay
becomes unavoidable. Such behaviour reduces information
reliability, increases downstream volatility, and can undermine
system predictability. This motivates the use of additional,
independent readiness signals that are less sensitive to strategic
reporting.

C. DMAN Philosophy: Heuristics over Optimisation

Pre-departure sequencing can be formulated as a con-
strained optimisation problem minimising delay or maximising
throughput. However, optimisation-based approaches tend to
produce frequent schedule adjustments as new information
arrives, undermining the predictability that airlines, handlers,
and controllers require for effective coordination (SESAR-JU,
2012).

The proposed Schiphol DMAN adopts a rule-based, fixed-
bin approach that prioritises operational acceptability over
mathematical optimality. Departures are grouped into 10-
minute planning intervals, and conflicts are resolved through
lexicographically ordered priority rules that favour flights with
constrained CTOT windows, earlier TOBT declarations, and
longer waiting times. This design reflects the principle of best
planned, best served instead of the traditional first come, first
served (Frequentis, 2022).

The current pre-departure sequencer at Schiphol has been
criticised for producing volatile outputs that are difficult for
stakeholders to anticipate. Schedule stability is therefore a
primary design objective for the proposed DMAN. Any in-
tegration of PEGT must preserve this stability requirement.
However, achieving stability is non-trivial: because priority
depends on relative ordering across flights, a single readiness
update can trigger resequencing of multiple flights.

This cascade sensitivity establishes the operational require-
ment that any form of PEGT integration must balance pre-
diction accuracy against update frequency: more accurate
readiness estimates are valuable only if they do not induce
excessive resequencing.

D. Departure Sequencing Literature

Departure sequencing concerns assigning runway take-off
slots and, when integrated with surface management, corre-
sponding pushback/release times for outbound flights. The
problem has been studied extensively through mathematical
optimisation. Mixed-integer formulations model sequencing as
a constrained optimisation problem (e.g., minimising delay)
subject to operational constraints such as minimum separation,
runway interactions, slot capacity, and Calculated Take-Off
Time (CTOT) compliance constraints (Furini et al., 2015; Ma
et al., 2024). To achieve real-time applicability when exact
optimisation becomes computationally too expensive, heuristic
and metaheuristic approaches (e.g. rolling-horizon rules, tabu
search, genetic algorithms) are widely used (Bikir et al., 2024;
Furini et al., 2015). In parallel, queueing-theoretic models
represent the departure runway system as a service facility
driven by stochastic pushback demand, enabling analysis and
prediction of queue delay, congestion, and effective capac-
ity (Bduerle et al., 2007; Simaiakis & Balakrishnan, 2016).

The reconstructed DMAN used in this study differs fun-
damentally from these optimisation-based schedulers. Rather
than seeking a mathematically optimal sequence, it allocates
departures in fixed 10-minute bins using lexicographic priority
rules. Explicitly trading optimality for stability and operational
robustness. This reflects the practical requirement that airlines,
ground handlers, and ATC benefit more from predictable,
stable sequences than globally optimal but frequently changing
ones (Alexopoulos, 2024; Frequentis, 2022). Consequently,
the optimisation literature provides useful context, but its
performance benchmarks are not directly comparable to the
stability-oriented constraints and objectives of this work.

E. Deep Turnaround and PEGT as an information source

Deep Turnaround is a vision-based turnaround monitoring
system developed at Schiphol that uses two ultra-wide apron
cameras to detect and track ground handling activities (Avia-
tion Solutions, 2023). The system recognises over 70 distinct
turnaround events across approximately 30 processes (e.g.,
bridge connection, fuelling start/end, cargo door status, push-
back vehicle arrival) and continuously updates a Predicted End
of Ground-handling Time (PEGT) based on observed progress
relative to historical patterns.

PEGT differs from TOBT in three key respects:
Information source: PEGT is derived from automated
visual observation of physical turnaround state; TOBT is
a human declaration reflecting the operator’s intent and
planning.

Update dynamics: PEGT updates continuously as new
visual observations arrive (typically every three minutes
once available); TOBT updates occur only at operator-
initiated intervals.

Availability window: PEGT becomes available only after
sufficient visual features are observable, typically 25-
30 minutes before departure; TOBT is available from
flight-plan activation (approximately 3 hours prior).
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Fig. 1. Schematic diagram of departure manager process overview. The flow contains two distinct phases: the pre-departure phase and the executive phase.

(LVNL, 2019)

At Schiphol, PEGT is currently used as an advisory signal
for turnaround stakeholders. When PEGT and the declared
TOBT diverge, turnaround coordinators receive an alert and
are presented with the PEGT estimate together with an op-
erational explanation of the detected cause (e.g., baggage
operations started late or take longer). Coordinators are then
asked to revise their TOBT. This human-in-the-loop workflow
can introduce dependence between PEGT and subsequent
TOBT updates of that same flight.

Deep Turnaround is not deployed at all stands, coverage
depends on camera availability and line-of-sight constraints.
In August 2024, 61 of 142 (43%) stands were fully live, 42
had cameras installed but not yet operational, and 39 had no
camera installation. As a result, PEGT was available for only a
subset of turnarounds. Also, the PEGT dataset over-represents
narrow-body operations due to (i) camera deployment across
stand types and (ii) higher stand turnover associated with
shorter turnarounds.

This partial coverage imposes an important design con-
straint: the fusion strategy must accommodate a mix of PEGT-
available and TOBT-only flights within the same departure
sequence. Because operators cannot control whether their
stand has Deep Turnaround available, the system must not
systematically advantage or disadvantage either group.

Integrating PEGT is non-trivial. The DMAN’s cascade
sensitivity means a single readiness update can shift multiple
flights if it changes bin or priority rank. More accurate
predictions are valuable only if they do not induce excessive
resequencing. Previous work has shown that earlier TOBT
availability improves schedule quality (Snijders, 2024), but the
distinct accuracy profile, update dynamics, and failure modes
of PEGT have not been characterised yet in the departure-
planning context.

F. Fusion Constraints and Design Requirements

Integrating PEGT into the proposed DMAN is subject to
architectural and operational constraints that define the design
space for fusion policies:

1) Single-input architecture: The DMAN accepts one
readiness timestamp per flight. TOBT and PEGT must
be fused externally into a single Composite TOBT-PEGT
before entering the sequencer.

2) Asynchronous updates: TOBT and PEGT refresh at dif-
ferent rates and horizons. The fusion logic must produce
a consistent output whenever either source updates.

3) Graceful degradation: When PEGT is unavailable (due
to coverage gaps or system failures), the fusion must
default to TOBT without disrupting operations.



4) Interpretability and auditability: The fusion logic must
remain transparent to human operators and auditable
for safety certification. Black-box machine-learning ap-
proaches are explicitly excluded to ensure maintainability
as Deep Turnaround evolves.

5) Stability preservation: The fused readiness signal should
not induce excessive TSAT volatility. Frequent or large
updates cascade through the priority logic and can desta-
bilise the departure sequence.

6) Constraint compliance: Throughput and CTOT adher-
ence cannot be sacrificed. Any fusion policy must pre-
serve the DMAN’s ability to meet network slot require-
ments.

I1l. PEGT CHARACTERISATION STUDY

To assess the performance of Deep Turnaround, PEGT is
compared against TOBT using operational data from August
2024, for all turnaround where both readiness estimates were
available. The absolute prediction error relative to actual end
of ground handling time (AEGT) is computed at each lead
time. As shown in Figure 2, a crossover in prediction accuracy
occurs at approximately 27 minutes before departure: from this
point onward, PEGT exhibits lower error than TOBT in terms
of mean, median, and interquartile range. Prior to 27 minutes,
PEGT accuracy is substantially worse, often unusable for
scheduling purposes.
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Fig. 2. Absolute prediction error of PEGT and TOBT relative to AEGT for
August 2024 at Amsterdam Airport Schiphol.

This 27-minute crossover is explained by the first-
availability distribution shown in Figure 3. TOBT appears
approximately 3 hours before departure, when each flight
plan is activated in the system. PEGT, by contrast, becomes
available only once sufficient visual features are observable,
with a median first availability of 28 minutes before AEGT. By
19 minutes before AEGT, 90% of turnarounds have received
a PEGT prediction.
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Fig. 3. First availability of TOBT and PEGT relative to AEGT for August
2024 at Amsterdam Airport Schiphol.

The late first availability of PEGT has an important op-
erational implication: PEGT cannot replace TOBT for early
planning purposes (e.g., determining runway pressure and
anticipating the need to open additional runways). However,
combined with the accuracy crossover, this finding supports
adopting PEGT for readiness estimation once it becomes
available, since almost all PEGT predictions at that point will
be more accurate than the TOBT.

Comparing the first PEGT prediction against the TOBT
confirms this: 49.4 % of first PEGT values have lower absolute
error than TOBT at this time of availability, 30.5 % have higher
error, and 20.1% are tied. Thus, in approximately 70% of
cases, adopting the first PEGT does not degrade accuracy and
frequently provides an immediate improvement. This fraction
increases closer to departure: at 20 minutes before AEGT,
PEGT is more accurate than TOBT in 85% of cases.

The number of updates per source also differs significantly.
As shown in Figure 4, PEGT receives on average nearly double
the number of updates compared to TOBT. Notably, 48 % of
turnarounds receive only a single TOBT prediction. Combined
with the observation that TOBT first appears 3 hours prior to
departure and exhibits larger error, this implies that nearly
half of all turnarounds rely on a TOBT value determined long
before departure.

Despite its accuracy advantages, PEGT exhibits a notable
bias pattern. As shown in Figure 5, the median bias (median
of estimate minus AEGT) shifts from optimistic (predicting
earlier readiness than actual) early in the observation window
to pessimistic (predicting delay) just before departure.

This shift in bias stems from a limitation of Deep
Turnaround’s vision system. Individual turnaround analysis
revealed that PEGT values can spike upward (i.e. predicting
delay) within the final 5 minutes before AEGT. This occurs
when the passenger boarding bridge remains connected late
into the turnaround. Because Deep Turnaround observes only
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Amsterdam Airport Schiphol.

binary states (e.g., bridge connected vs. disconnected) without
information about passenger flow, the system interprets a late-
connected bridge as evidence of ongoing boarding and predicts
delay accordingly. In reality, boarding may be complete while
the bridge remains attached for other reasons. This represents
a case where the human-declared TOBT has an advantage:
the turnaround coordinator can observe whether passenger
boarding has completed and typically knows why the bridge
remains connected. The binary nature of the vision system
thus has inherent drawbacks, as it classifies observations
against a database where late-connected bridges were often
associated with delayed boarding, even when this is not the
case. Deep Turnaround is addressing this by augmenting the
binary bridge-state cue with additional turnaround signals

to overcome the inherent limits of a single binary detector,
and thus improve operational usability. This phenomenon
motivates the ‘Reject If Close To Event’ filtering policy, which
suppresses late-stage PEGT updates that are susceptible to this
bias.

A. Implications for Fusion Design

The data analysis yields four key findings that inform the
PEGT integration strategy:

1) PEGT is superior within 27 minutes of departure:
Once available, PEGT should be preferred over TOBT
for readiness estimation.

2) PEGT availability is late: PEGT cannot support early
planning; the fusion design must default to TOBT before
PEGT becomes available.

3) PEGT accuracy improves closer to departure: The
benefit of PEGT over TOBT increases as departure ap-
proaches, supporting the adoption of successive PEGT
updates.

4) Late-stage PEGT may be pessimistically biased: Up-
dates in the final minutes should be treated with caution
due to binary information limitation.

IV. METHODOLOGY

This section describes the experimental framework used
to evaluate PEGT integration into departure sequencing. The
methodology proceeds in five steps, each addressed in a ded-
icated subsection. First, the data sources and preparation are
described (IV-A). Second, the rule-based Departure Manager
used to generate departure schedules is reconstructed (I1V-B),
including its sequencing logic, priority rules, and taxi-time
model. Third, the PEGT integration and fusion design is
presented (IV-D): two baseline approaches are defined, after
which a set of five conjunctive acceptance filters is introduced
to selectively admit PEGT updates. Fourth, the five evaluation
metrics used to assess schedule quality are defined (IV-E).
Finally, the experimental design and the assumptions and
limitations of the study are stated (IV-F).

A. Data Sources and Preparation

The primary dataset consists of historical A-CDM records
from Amsterdam Airport Schiphol covering 1-31 August
2024. Deep Turnaround records for the same period were
provided by Schiphol Aviation Solutions. After preprocessing,
the dataset comprises 21,152 departures across 31 operating
days, with runway configurations using 18L, 24, and 36L.
These runways together account for more than 85% of de-
partures. To verify that the analysis period reflects nominal
operating conditions, the airport meteorological observations
were analysed for indicators of capacity-restricting conditions
(e.g., severe weather, low-visibility procedures, sustained high
crosswind). Using a representative crosswind threshold of
<25kt (typical for a Boeing 737) and a visibility threshold
of >2,000m, no days exhibited periods outside these limits
that would plausibly trigger operational disruptions.



B. Departure Manager Reconstruction

The experiment emulates the logic of the proposed Depar-
ture Manager (DMAN) in a modular Python framework. The
proposed DMAN accepts a single scalar readiness estimate
per flight and produces a sequence in which aircraft may use
the available runway(s), which is then converted to TSATs
and TTOTSs. The reconstruction separates sequencing from pre-
diction, allowing controlled substitution of different readiness
signals while keeping all other system behaviour constant.

1) Sequencing Logic: Time is discretised at one-minute
resolution. At each minute t, the scheduler recomputes the de-
parture plan over the remaining planning horizon, conditional
on the information available up to that time. The sequencing
procedure consists of the following steps:

1) Freeze executed flights: Flights with a planned take-off
time earlier than t are considered executed, removed from
the active planning set.

2) Apply  information updates:  All  readiness

(TOBT/PEGT), network (CTOT), cancellation, and

runway-related updates time-stamped at t are applied to

the remaining flights.

Revive deferred flights: Flights previously frozen that

receive an updated readiness or network constraint plac-

ing their earliest feasible departure after t are reintroduced
into the active set. The originally assigned slot is recorded
as a vacated slot.

Reconstruct the take-off sequence: For each runway, an

initial take-off order is constructed based on earliest fea-

sible readiness times, forming the unconstrained demand
profile over future slots.

Resolve capacity conflicts: If the demand within a 10-

minute slot exceeds the declared capacity, flights are

iteratively deferred to subsequent slots according to the
lexicographic priority rules described in the next section.

Derive operational times: From the final slot assign-

ment, Target Take-Off Times (TTOT) and corresponding

Target Start-Up Approval Times (TSAT) are computed.

3)

4)

5)

6)

To limit unnecessary recomputation, the sequencing logic is
executed only at minutes where at least one update is received,
otherwise, the previously computed plan is retained.

2) Lexicographic priority rules: For each runway and day,
the DMAN constructs a departure schedule using fixed 10-
minute planning intervals, each with a predefined capacity.
When the number of flights assigned to a bin exceeds its
capacity, the scheduler resolves the conflict by ranking all
candidate flights according to a fixed set of ordered priority
rules (PR1-PR8). These rules are applied sequentially: if flights
cannot be distinguished at a given priority level, the next rule
in the hierarchy is evaluated until a strict ordering is obtained.

The resulting priority ranking determines which flights
retain their position in the constrained slot and which flights
are deferred to subsequent slots. In this way, the rule set oper-
ationalises scheduling trade-offs between network constraints,
schedule stability, and declared readiness, while ensuring

10

deterministic and reproducible sequencing behaviour under
excess demand.

PR1: Flights with more than 10 Calculated Take-Off Time
(CTOT) updates. Frequent CTOT changes indicate
heavy network regulation and limit flexibility.

Flights with more than two previous shifts in the
pre-departure sequence, ensuring that already disrupted
flights are stabilised.

Flights whose CTOT would violate the Slot Tolerance
Window (STW) if shifted. Shifts that would force
wheels-off outside the [ 5;+10] minute window are
avoided.

Flights with a cancelled CTOT that would be replanned
later than the cancelled time if shifted further.

Flights with one or two prior shifts, prioritising mod-
erately disrupted flights.

Flights with an earlier Target Off-Block Time (TOBT),
sorted in ascending order.

Flights with a smaller difference between TOBT and
Scheduled Off-Block Time (SOBT), also sorted ascend-
ing, favouring flights closer to their scheduled time.

If none of the above rules differentiate flights, a deter-
ministic tie-break is applied based on flight identifier.

PR2:

PR3:

PR4:
PR5:
PR6:

PR7:

PR8:

C. Taxi-Time Modelling

Pre-departure sequencing requires an estimation of the taxi-
out duration from each stand to the assigned runway. At
Schiphol, taxi times vary substantially: the remote Polderbaan
(18R/36L) has significantly higher taxi time compared to
runways adjacent to the terminal complex. Errors in taxi time
estimation propagate directly into TTOT accuracy and can
cause slot violations even when off-block prediction is correct.

Empirical taxi-time distributions are derived for each stand-
runway pair. For each historical departure, the taxi-out time
is computed as the interval between actual off-block and
arrival at the runway holding point. Table Il reports taxi-
time medians aggregated at the pier-runway level to provide
an intuitive overview of typical taxi distances and runway-
dependent variability. In the DMAN sequencing calculations,
however, a static lookup table is constructed for each individ-
ual stand-runway pair for the highest available resolution. The
median was chosen over the mean to minimise the influence
of outliers. The taxi time lookup table is static, dynamic
congestion effects are thus not modelled. It only distinguishes
whether 18C/36C (Zwanenburgbaan) is in use, since typical
taxi routes (and thus taxi times) differ substantially between
these configurations at Schiphol.

D. PEGT Integration and Fusion Design

The introduction of an additional readiness estimate, the
PEGT, alongside the TOBT, offers improved accuracy in
predicting turnaround completion. This improvement comes
at the cost of a substantially higher update rate: the median
number of readiness updates per turnaround increases from 2
to 4, which can induce volatility in the departure sequence.
The objective of the fusion design is therefore to exploit



TABLE 111
MEDIAN TAXI TIME (ROUNDED) TO EACH RUNWAY PER PIER AND
PERCENTAGE OF DEPARTURES PER RUNWAY AT AMSTERDAM AIRPORT

SCHIPHOL
Runway Pier
(share of departures) A B C D E F G H
18L (22.1 %) 10 10 10 10 12 13 13 11
36L (14.7 %) 14 16 17 18 19 18 17 16
24 (48.8 %) 7 8 8 9 12 13 13 12

the improved accuracy of PEGT while limiting unnecessary
resequencing and TSAT volatility.

1) Baseline Integration Approaches: Two baseline ap-
proaches are considered. The first uses TOBT exclusively,
reflecting current operational practice. The second switches
to PEGT as soon as it becomes available and ignores all
subsequent TOBT updates. While this ‘all PEGT’ approach
benefits from improved prediction accuracy, it reacts to ev-
ery PEGT update and therefore almost doubles the number
of readiness revisions for turnarounds with PEGT available.
Moreover, PEGT updates are not uniformly well-behaved:
the data show occasional late-stage instability, with some
trajectories exhibiting abrupt and erroneous jumps in the final
minutes before off-block (see section Il1). This behaviour can
amplify short-horizon volatility precisely when the outbound
plan is most sensitive to change.

As shown later in Section V, this leads to substantial
resequencing and TSAT variability. Importantly, the relation-
ship between update frequency and amount of resequencing
is complex: a single readiness update can have a cascading
effect. These dynamics motivate the need for a more selective
integration strategy.

2) Design Objective: The fusion design must balance pre-
dictive accuracy against operational stability. Excessive rese-
quencing undermines trust among airlines, ATC, groundhan-
dlers, and network partners, rendering a naive ’all PEGT’
approach operationally unattractive. The primary objective is
therefore to admit only those PEGT updates that provide
material predictive value, while suppressing low-value updates
that introduce churn without improving schedule quality.

A second, equally important objective is to preserve full
interpretability and operational controllability of the fusion
mechanism. PEGT is generated by a system that is still evolv-
ing and expanding, and future improvements or recalibrations
are expected to change its statistical properties. The fusion
mechanism must therefore be robust to such changes and
allow rapid adaptation without retraining or revalidation of
complex models. Simple, rule-based filters provide this flexi-
bility: thresholds can be tuned, enabled, or disabled at runtime,
and their effects remain transparent to human operators. This
design choice also facilitates operational validation in a safety-
critical environment, where opaque machine-learning models
are difficult to certify and explain.

3) PEGT Update Filtering Policies: To suppress low-value
PEGT updates, a set of operationally motivated filtering poli-
cies is introduced. Each policy applies a simple, interpretable
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condition to determine whether an incoming PEGT update is
accepted or rejected. The candidate policies, their parameters,
and the tested value ranges are summarised in Table V.

TABLE IV
PEGT FILTERING POLICIES: ABBREVIATIONS, PARAMETERS, AND TESTED
VALUE RANGES.

Abbr.  Filter Name Parameter Range
ow Outside Window JPEGT TOBT] threshold [min]  [10-40]
SD Small Delta Min. change magnitude [min] [0-15]
RIE Reject if Earlier PEGT < TOBT 0,1
TF Too Frequent Min. time between updates [min] [0-10]
CTE Close To Event Min. time before PEGT [min] [0-15]

Each filter addresses a specific source of low-value updates.
These filter thresholds form the independent variables of the
experiment:

OW (Outside Window) rejects updates where PEGT devi-
ates excessively from TOBT. Large deviations (e.g.,
JPEGT  TOBTj > 40 min) are likely erroneous
or reflect anomalous turnarounds for which the vision
system lacks sufficient training data.

SD (Small Delta) rejects updates where the magnitude of
change from the previous accepted readiness estimate
falls below a threshold. Small corrections (e.g., < 5 min)
may be operationally irrelevant yet still trigger resequenc-
ing.

RIE (Reject if Earlier) optionally rejects updates that shift
readiness earlier than the current TOBT. From an oper-
ational perspective, flights departing earlier than planned
are generally less disruptive than delays: they do not prop-
agate reactionary delay through the network. However,
earlier predictions can still destabilise the local sequence
by pulling flights forward and cascading through down-
stream slot assignments. The RIE filter therefore trades a
modest information gain (earlier readiness detection) for
reduced resequencing overhead.

TF (Too Frequent) enforces a minimum time interval be-
tween accepted updates for the same flight. Rapid succes-
sive updates (e.g., every 3 minutes) can induce oscillatory
behaviour in the schedule, where a flight repeatedly shifts
position before stabilising.

CTE (Close To Event) rejects updates occurring within a
specified time before the predicted off-block. Late-stage
changes are particularly disruptive, as crews and handlers
have insufficient time to adapt. Moreover, the TSAT
compliance window (- 5 min) provides operational toler-
ance for minor timing deviations, reducing the need for
last-minute corrections. By suppressing updates close to
departure, CTE avoids cascading resequences triggered
by changes that the system can already absorb.

a) Filter Combination Logic: The five filters are applied
conjunctively: an incoming PEGT update is accepted if and
only if it passes all active filter conditions. Formally, for an
incoming PEGT update at time t for flight f, let PEGT¢(t)
denote the new prediction, TOBT¢ the current declared readi-
ness, and Ry the last accepted readiness estimate.  represents



the filter parameter setting. The update is accepted if all of the
following conditions hold:

1) |PEGTf(t) TOBTf| ow (Outside Window)
2) [PEGTe(t) Re| sp (Small Delta)
3) rie =0 _ PEGT¢(t) TOBTf (Reject if Earlier)

4) t tlast;f
5) PEGT¢(t)

(Too Frequent)
(Close To Event)

TF

t  orE

The variable t,s.¢ denotes the timestamp of the last ac-
cepted PEGT update for flight f; for the first PEGT update
of a flight, condition 4 is satisfied by default. If any condition
fails, the update is rejected and the fused readiness estimate
R¢ remains unchanged.

When a PEGT update is accepted, the fused readiness
estimate is set to Ry PEGT¢(t); otherwise, the system
retains the previous estimate (either TOBT or the last accepted
PEGT). This conjunctive design ensures that only updates
satisfying all quality criteria influence the departure sequence,
providing conservative protection against noisy or disruptive
predictions.

A total of 228 filter configurations were evaluated, sampled
via Latin Hypercube design, which ensures uniform coverage
of the five-dimensional parameter space at manageable com-
putational cost. Together with the two baselines (NO_PEGT
and ALL_PEGT), this yields 230 distinct configurations.

4) Filter Hypotheses: Each filter targets a specific mecha-
nism by which PEGT updates may degrade schedule stability.
The following hypotheses motivate their inclusion:

Outside Window (OW): When PEGT deviates sub-
stantially from TOBT (e.g. >30 min), the update likely
reflects a sensor anomaly or outlier rather than genuine
readiness information. Filtering such updates is expected
to improve robustness, particularly given the system’s
operational immaturity.

Small Delta (SD): Very small changes (e.g. <3 min) con-
tribute limited new information but can trigger resequenc-
ing. Given the TSAT acceptance window of 5 min,
updates below this threshold often have negligible op-
erational impact; suppressing them is expected to reduce
volatility without meaningful information loss.

Reject If Earlier (RIE): A prediction of earlier readiness
(PEGT < TOBT) typically has less operational impact
than a delay, because earlier readiness can be absorbed
by existing schedule slack. Rejecting “earlier” updates
is hypothesised to reduce volatility with minimal opera-
tional penalty.

Too Frequent (TF): Rapid successive updates increase
plan volatility disproportionately relative to the new infor-
mation they provide. Imposing a minimum inter-update
interval is expected to improve stability by admitting only
updates that reflect meaningful state changes.

Close To Event (CTE): Updates arriving close to the
predicted event time can cause large disruptions to an
already-committed sequence. The TSAT acceptance win-
dow and inherent detection latency limit the actionability
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of late updates; suppressing them is expected to reduce
late resequencing and improve operational acceptability.

E. Evaluation Metrics

The performance of the departure scheduler is evaluated
using five dependent measures that capture complementary
aspects of schedule quality. Because the DMAN was recon-
structed for this study, the full scheduling process is observable
and traceable at each decision step, including every readi-
ness update, slot assignment, and resequencing action. This
transparency enables consistent computation of both outcome-
based and process-level metrics. These five metrics serve as
the primary objectives in the multi-objective analysis:

Resequencing per flight The mean number of TSAT changes
observed per flight throughout its presence in the depar-
ture queue. Each time a flight’s TSAT is modified after
initial assignment, it constitutes a resequencing event.
Frequent resequences degrade predictability and trust in
the system. Lower is better.

Late resequencing (within 20 minutes) The total count of
TSAT changes occurring within 20 minutes of the actual
off-block time (AOBT) across all flights. Late rese-
quences are particularly disruptive as they leave insuf-
ficient time for crews to adapt. Lower is better.

Vacated slots The total count of TSAT violations, where
a flight cannot make its assigned TSAT because the
underlying readiness estimate shifted after the TSAT win-
dow became active. Vacated slots waste runway capacity.
Lower is better.

TSAT delay The sum of differences between the last as-
signed TSAT and the last known TOBT across all flights,
measured in minutes. This captures ground holding time
imposed by sequencing constraints. Lower is better.

Departure punctuality (OTP15) The fraction of flights
whose scheduled TSAT falls within 15 minutes of the
Scheduled Off-Block Time (SOBT). This is a standard
industry benchmark for on-time performance. Higher is
better.

Together, these metrics capture complementary aspects of
schedule quality: resequencing metrics address operational
stability, vacated slots indicate capacity wastage, TSAT delay
quantifies ATC inefficiency, and OTP15 provides a high-level
punctuality indicator.

F. Experimental Design

The experiment employs counterfactual replay to compare
sequencing strategies under controlled conditions. Historical
operations are replayed through the reconstructed DMAN
using different readiness inputs while holding all other factors
constant.

For each configuration, the reconstructed DMAN iterates
through August 2024 minute by minute. At each minute t, all
readiness updates time-stamped at or before t are applied, the
sequencer computes the departure plan, and the five metrics
are recorded. Identical historical update sequences are used



across all configurations to ensure comparability. No future
information is used, the system is strictly causal.

G. Assumptions and Limitations

The study operates under the following explicit assumptions
and limitations:

Time is discretised to a one-minute resolution.
CTOT windows are strictly enforced. No negotiation
beyond the [ 5;+10] window is possible; Network Man-
ager not modelled.
Taxi-time estimates are fixed per flight using a static
lookup table; dynamic surface congestion effects are not
modelled.
Tactical interventions by ATC are not modelled (e.g. last-
minute manual resequencing, visual assessment, radio
conversations, or internal ATC coordination).
Late TOBT, PEGT, CTOT changes may revive previously
frozen flights; the vacated slot is retained as a synthetic
lost record to assess slot utilisation.
Runway allocation is treated as an upstream process and
is held constant across simulations; runway reallocation
and closures are not considered.
Airline dispatcher-driven delays are not modelled explic-
itly; such effects are only reflected insofar as they are
embedded in historical TOBT updates.
All comparisons are made against the TOBT-driven
DMAN schedule; direct comparison against realised
scheduling decisions is not possible due to the absence
of process-level operational data.
The analysis covers a single representative month of
nominal operations with PEGT data available (August
2024).

H. Validation

In the absence of an operational DMAN in departure
scheduling, direct validation against the target system is not
possible. Instead, validation is performed by assessing whether
the reconstructed scheduler reproduces the observed through-
put structure of real-world operations. Validation focuses
on runway-level throughput dynamics rather than individual
flight-level accuracy, due to the above-mentioned limitations.
The reconstructed scheduler is driven solely by historical
TOBT inputs, identical to those ingested by the operational
CPDSP, but applies a fundamentally different sequencing
philosophy. As a result, some discrepancies with realised
throughput are expected.

a) Qualitative Assessment: For each day in the anal-
ysed dataset, scheduled and realised throughput were visu-
ally inspected per runway. Across days, consistent qualita-
tive agreement was observed in the temporal structure of
operations, including primary runway dominance, secondary
runway activation during peak periods, and the timing and
magnitude of departure peaks. An example day is shown
in Figure 6, where scheduled throughput remains within the
same operational envelope as the realised throughput. No
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day exhibited systematic discrepancy between scheduled and
observed patterns.

b) Quantitative Assessment: To complement the qualita-
tive inspection, Pearson correlation coefficients were computed
between the TOBT-driven DMAN scheduled throughput and
the observed (wheels-off) throughput for each runway on each
day. Across the 31 days in August 2024, the daily per-runway
correlations exhibited a median of 0.885 with an interquartile
range of [0.860, 0.905]. These values indicate strong linear
agreement between the temporal profiles of scheduled and
realised departures, confirming that the reconstructed DMAN
captures the dominant throughput dynamics of the operational
system.

c) Sources of Discrepancy: Observed differences are
primarily attributable to structural modelling choices rather
than fundamental misrepresentation of departure demand.
First, the use of fixed 10-minute scheduling bins, as opposed
to CPDSP’s continuously replanning horizon, limits fidelity
at fine temporal scales and produces sharper transitions in
scheduled throughput. Second, tactical interventions by ATC,
airline dispatchers, and Network Manager processes are not
modelled, reducing the ability to replicate local adaptations
and efficiency recoveries.

A notable source of discrepancy arises from runway opening
and closure times, which are not modelled. In practice, sec-
ondary runways are activated dynamically based on traffic de-
mand and operational constraints. The DMAN reconstruction
assumes runways are available throughout the day, which can
result in scheduled throughput appearing on runways earlier
than operationally observed, particularly during the morning
ramp-up when secondary departure runways are opened.

Finally, TOBT records represent declared readiness rather
than executed intent. Operational factors such as dispatcher
decisions, pilot-controller interaction, and situational aware-
ness are only indirectly reflected, further limiting replication
of last-minute operational adaptations.

d) Validation Conclusion: The combination of qualita-
tive agreement in peak timing, runway role allocation, and
throughput envelope, together with quantitative confirmation
via high Pearson correlations (median r = 0:885), indicates
that the simplified DMAN captures the dominant throughput
characteristics of the realised system despite known mod-
elling limitations. This level of agreement is sufficient for the
comparative analyses presented in this study, which focus on
relative differences between filter configurations rather than
absolute scheduling accuracy.

V. RESULTS

This section presents the experimental evaluation of PEGT
filtering strategies for the Departure Manager at Amsterdam
Airport Schiphol. The analysis quantifies (i) the baseline trade-
off between stability and slot adherence, (ii) the effect of
individual filter parameters on each objective, and (iii) the exis-
tence of configuration clusters exhibiting distinct performance
characteristics. All comparisons are expressed as percentage
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Fig. 6. Comparison of reconstructed DMAN schedule and observed departure throughput per runway on 29 August 2024. Throughput is evaluated using a
trailing 20-minute window sampled every 5 minutes. Pearson correlation coefficients per runway are annotated in each subplot.

changes relative to the NO_PEGT baseline unless stated
otherwise.

A. Experimental Setup

A total of 230 configurations were evaluated: two baselines
(NO_PEGT and ALL_PEGT) and 228 filtered configurations
sampled via Latin hypercube design over the five-dimensional
filter space defined in Section IV-D (Table IV). Each configura-
tion was replayed over 31 operating days (August 2024) using
the reconstructed DMAN and evaluated on the five metrics
defined in Section IV-E.

B. Baseline Comparison

Table V presents the performance difference between the
two baselines. The ALL_PEGT configuration accepts all
PEGT updates without filtering, while NO_PEGT (i.e. TOBT-
only) ignores PEGT entirely. All percentage changes ( %)
throughout this chapter are computed relative to NO_PEGT,
enabling direct comparison of how each configuration deviates
from the stability-oriented baseline.

TABLE V
BASELINE COMPARISON: ALL_PEGT RELATIVE TO NO_PEGT. FOR ALL
METRICS EXCEPT OTP15, LOWER VALUES ARE DESIRABLE.

Metric NO_PEGT ALL_PEGT %

Reseqg/flight 1.043 1.110 +6.5%
Late reseq ( 20m) 19,642 23,297 +18.6%
Vacated slots 2,184 1,690 22.6%
TSAT delay [min] 69,344 63,363 8.6%
OTP15 0.671 0.657 2.0%

Compared with NO_PEGT, accepting all PEGT updates
reduces vacated slots by 22.6% and TSAT delay by 8.6%,
demonstrating that PEGT’s improved accuracy enables better
slot adherence. However, this comes at the cost of increased
resequencing (+6.5%), substantially more late resequenc-
ing (+18.6%), and degraded on-time performance ( 2.0%).
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These results establish the fundamental stability—slot adher-
ence trade-off that filtering seeks to navigate.

C. Individual Filter Effects

To quantify how each filter parameter affects performance,
Figure 7 presents Spearman correlations () between filter
parameter values and the percentage change in each objective
relative to NO_PEGT. For minimisation objectives (rese-
quencing, vacated slots, TSAT delay), negative correlations
indicate improvement; for OTP15, positive correlations indi-
cate improvement. Note that correlation magnitude does not
directly translate to effect size: a filter with low correlation
may still produce substantial effects at specific threshold
values.

The correlations provide a first-order ranking of which
parameters matter most in isolation. TF and CTE show
the strongest associations across stability- and punctuality-
related metrics, consistent with their role in suppressing late-
stage revisions. SD is primarily associated with slot-adherence
penalties (higher TSAT delay and more vacated slots), in-
dicating that aggressive filtering can reduce responsiveness
when off-block shifts are real. OW and RIE exhibit weak
correlations (both j j  0:19) and therefore appear to have
limited influence when varied alone. However, the Spearman
analysis is not well-suited to RIE since it is a binary function.

However, the operationally relevant behaviour emerges
when filters are combined. In practice, filters interact: tim-
ing/frequency constraints (TF, CTE) can stabilise the plan
but also risk feasibility losses if applied without safeguards,
while amplitude-based smoothing (SD) can be beneficial only
when paired with mechanisms that still allow genuine shifts
to pass. As filtering becomes more restrictive, performance
tends to converge toward the NO_PEGT baseline, but the
configuration space contains combinations that avoid this
collapse by trading small accuracy losses for disproportionate
stability gains. The next subsection therefore shifts from
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i?Bb 2T 2b2Mi iBQM- MQ +H2 ~?2Q ' BXxQM Q"  + QbbQp2 TQBMi Bb Q#b2 p2/ ir
/2:° /2bX h?2 K2 M 2°Q  "2/m+iBQM 2K BMb TQbBiBp2 + Qbb i?2 QT2 iBQM
Hi2 mT/ i2b/Q MQi #2+QK2 T 2/B+i #Hv ? "K7mHX

PMHVr?2M2p Hm i2/ ; BMbi 1:h/Q2b /2:° / iBQM2K2 ;2- M/i?Bb Q++m b p2° \
i?Bb 2z2+i Bb MQi +iBQM #H2 7Q QT2  iBQM H}Hi2 'BM;- bS1:hmT/ i2b+2 b2
i?2B° QrM T 2/B+i2/ iBK2 /m2iQ i?2 /Bb+ 2i2 mT/ i2 bi m+im 2X

*QMb2[m2MiHv- MQ bBKTH2 T'BQ B }Hi2 'BM; "mH2 # b2/ QM mT/ i2 BM/2t Q°
Hi?Qm;? QMHvV eyW Q7 S1:h mT/ i2b ‘2/m+2 #bQHmi2 2°°Q" U+QKT 2/ iQ 3d\
+H2 " /2;° / iBQM "2;BK2 BKTHB2b i? i mT/ i2 ++2Ti M+2 /2+BbBQMb Kmbi "2

iBKBM; HQM2X



AAX S1:h.i M HvbBb 7Q  m;mbi kyk9 kd

6B:m 2 kIR3M "2/m+iBQM BM #bQHmi2 T°2/B+iBQM 2 Q" Q7 S1:h M/ hP"h mT/
i?2B° QrM T 2/B+iBQM iBK2b 7Q° m;mbi kyk9 i Kbi2/ K B TQ i a+?

g?2M i?2 +? M;2 BM 2°°Q" Bb THQii2/ ; BMbi i?2 iBK2 2H Tbh2/ bBM+2 i?2 T 2
2K27;2bX h?Bb bm;;2bibi? i-iQ/ i2- MQ bBM;H2 K2i'B+ ? b #22M B/2MiB}2/i?
7"QK /2i'BK2Mi HS1:h mT/ i2bX

X_2H iBp2 ++m +v Q7 } ' bi S1:hp Hm2 T2 im M QmM/

hQ bb2bb i?2 //2/ p Hm2 Q7 S1:h ii?2 KQKZMN2 RKRR+iBH2b++m" +v Q7 i?2 }' b
p BH #H2-i?2} biS1:h T 2/B+iBQM Bb +QKST1 'R/Q7 B MDIM? KW/ + QKT “2/iQ i?
“2+2Mi hP"h p BH #H2 ii? i b K2 iBK2X h?2 +QKT '1Bb'® Bb

# b2/ QM #bQHmMi2 T°2/B+iBQM 2 °Q  rBi? '2bT2+iiQ 1:h M/ Bb
bmKK "“Bbi #BIKMXXR *QKT 'BbQMB*QmMa? "2
T 2/B+iBQMb T2 7Q K 2[m HHvX AM i?2 ‘2| NP"h HQr2" ¢ jkR§ jy8 5,
S1:hT2 7Q KbrQ'b2i? MhP"hX Pp2> HH-i 1[m H2 "Q | kRR| kyR
TT QtBK i2Hv dyW Q7 i?2 im"M "QmM/b- i?2 BMi"Q/m+iBQM Q7 i?2
}’bi S1:h /Q2b MQi /2;" /2 T 2/B+iBQM ++m > +v M/ 7 2[m2MiHv

T QpB/2b M BKK2/B i2 BKT ' Qp2K2MiX

h?Bb “2bmHi bm;;2bib i? i- /2bTBi2 BM/BpB/m H BMbi M+2b Q7 T2'7Q° @
K M+2 /2;° / iBQM-i?2 }'bi S1:h mT/ i2 T°'QpB/2b M2i ++m@

4V #2M2}i ii?2iBK2 Q7 Bib BMi'Q/m+iBQM T2  im"M "QmM/X




AAX S1:h.i M HvbBb 7Q  m;mbi kyk9 k3

>X1""Q /Bbi'B#miBQM +? ~ +i2 ' BbiB+b

h?2 /Bbi'B#miBQM Q7 bB;M2/ 2°°Q'b U2biB@
Ki2c 1:hvV 7Q° S1:h M/ hP"h

Bb b?Qr&BBM Xk XQKT "2/ rBi?

hP"h- i?2 S1:h 2°°Q" /Bbi'B#miBQM Bb

KQ'2 b? "THv +QM+2Mi" i2/ "QmM/ x2 Q-
rBi? M “"Qr2° +2Mi° H bT 2/ M/ H2bb

T Q# #BHBiv K bb BM i?2 i BHbX h?Bb BM/B@
+ i2b HQr2® /BbT2'bBQM UBX2X- ?B;?2° T 2@
+BbBQMf+QMbBbi2M+vV Q7 S1:h 2biBK i2b
"2H iBp2 iQ hP"h- M/ i?2°27Q°2 bm;@

:2bib TQi2MiB H 7Q" BKT ' Qp2/ iBKBM; T2 @
7TQ K M+2X Ai /Q2b- ?Qr2p2 - 2t?B#Bi
bHB;?i TQbBiBp2 #B b- BM/B+ iBM; i2M/2M+v
iQ Qp2°' T 2/B+i 1:h UBX2X- KQ 2 /2H vV

i? Mr2°2 +im HHv Q#b2 p2/X

6B;m 2 KONM2H /2MbBiv 2biBK i2b Q7 bB;M2/ T 2/B
U2biBK i2:hV 7Q° S1:h M/ hP"hX S1:h Bb KQ 2
+QM+2Mi i2/ "QmM/ x2 Q- BM/B+ iBM; HQr2  /BbT2

AXQ'K HBiv bb2bbK2Mi #v T°2/B+iBQM ?Q " BxQM

h?2 Z Z THQ@IB;BIM2 kbbRY b i?72 /Bbi B#miBQM Q7 bB; MQA7IQV 2?16 BX Q MbU SUNMI2 /
"2H iBp2 MIAPR+2pLMIi iBK2 UBX2X- S1:h@ M+?Q 2/- MQi 1:h@ M+?2Q 2/VX 6 (
2°°Q /Bbi'B#miBQM Bb +H2 "Hv MQM@LQ K H i KQbi 2Q°'BxQMb, 2bT2+B HHyvV
S1:hV-i?22Z Z +m 'p2b b?Qr T QMQMM+2/ a@b? T2 M/i BH /2pB iBQMb- BM/I
UrBi? bi'QM;2° M2; iBp2 i BHVX h?2 +2Mi° H[m MiBH2b #2+QK2 KQ'2 HBM2
ky jy KBMV- bm;;2biBM; #2ii2° LQ 'K H TT QtBK iBQM BM i?2 +2Mi2" Q7 i?2 |
LQ K HBiv 2K BMbX h?2 #b2M+2 (KBW#BE b "iMBQIMD H™ i?72°i? MBM+B/2Mi H, ¢
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