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Abstract—The paper addresses the critical issue of enhancing Air Traffic Management efficiency in
terminal manoeuvring areas amidst recovering flight traffic intensity. The study focuses on the
operational stability of arrival flows, specifically comparing the effectiveness of the innovative Point
Merge System (PM) against traditional Radar Vectoring. The research methodology is based on the
analysis of large-scale real-world ADS-B trajectory data acquired from the OpenSky Network for Dublin
Airport (EIDW). An ETL (Extract, Transform, Load) approach was applied, and a Python-based software
suite was developed to calculate Key Performance Indicators, including arrival headway stability,
indicated airspeed variability, and trajectory efficiency. The computational experiment results
demonstrated that the geometric structure of PM functions as a "passive controller,” transforming the
stochastic arrival process into a deterministic closed-loop system. It was established that PM
implementation reduced velocity variability in the sequencing zone by an average of 12—15 knots,
minimizing the "accordion effect” and flight crew workload. Analysis of the Empirical Cumulative
Distribution Function (ECDF) for headways revealed a significant reduction in standard deviation,
indicating the dissipation of operational entropy. Although the average flight distance within the PM
system increased by 12.4%, this is offset by a 60% reduction in holding time. The study concludes that the
PM System provides a superior level of predictability and safety margins during peak loads, effectively
trading minor distance extensions for enhanced flow stability.

Keywords—Point merge system; radar vectoring; ADS-B; OpenSky network; terminal manoeuvring

areas.
[.INTRODUCTION

The current stage of global air navigation system
development is characterized by a shift in emphasis
from tactical control to strategic planning of arrival
flows. The rapid recovery of flight intensity
following global crises poses a critical challenge for
air navigation service providers (ANSPs): increasing
the capacity of terminal manoeuvring areas (TMA)
without compromising established safety levels.

Traditional flow management methods based on
Open Loop Vectoring are inherently reactive and
deterministic only over short time intervals. Vectoring
is characterized by a high dependence on the air
traffic controller's subjective perception, significant
load on radio communication channels, and high
trajectory variability. Under peak load conditions,
this leads to the accumulation of operational entropy
and a decrease in flow stability [1].

In response to these challenges, new airspace
structures are being actively implemented within the
framework of the performance based navigation

(PBN) concept and the SESAR program. One of the
most successful and innovative concepts is the Point
Merge system (PM), developed by
EUROCONTROL [2]. This technology combines
the predictability of Standard Terminal Arrival
Routes (STAR) with the flexibility of tactical
sequencing using equidistant arcs [3]. This approach
allows the arrival sequencing process to be
transitioned into a "closed loop" mode, where the
aircraft trajectory becomes predictable for both
ground-based ATM systems and the flight crew.

Despite the successful operation of PM in leading
world airports (Oslo, Dublin, Paris, Seoul), scientific
discourse still lacks systemic comparative studies
based on the analysis of large-scale real flight data
rather than solely on simulation models. The need
for an objective assessment of the extent to which
PM truly stabilizes the flow compared to flexible but
chaotic vectoring remains a relevant scientific and
practical task [5].
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The aim of this article is to conduct a
comparative analysis of the operational stability and
safety of arrival flows in the TMA by calculating
proxy metrics based on real ADS-B data arrays to
substantiate methods for constructing conflict-free
air traffic.

IL.LLITERATURE OVERVIEW

The issue of arrival flow management in terminal
manoeuvring areas (TMA) has been a subject of
rigorous scrutiny by the scientific community over
recent decades, as this flight phase is considered
critical in terms of safety and efficiency.

Fundamental studies by Odoni [1] demonstrated
that runway capacity and TMA procedure
architecture are the dominant factors limiting the
development of the entire global air navigation
network. According to the author, any instability in
the terminal area negatively affects overall flight
punctuality. Expanding on this thesis, Janic [4]
mathematically substantiated that delays at the arrival
stage are non-linear in nature and create a "cascading
effect," leading to systemic schedule disruptions for
airlines even in regions remote from the hub airport.
Thus, flow stabilization in the TMA is not merely a
local task but a network-wide objective.

Analysis of performance review reports confirms
that a significant share of airline operational losses is
directly related to so-called ATFM Airborne Delays
— time spent by aircraft in the air waiting for the
landing sequence. Traditional methods for absorbing
these delays, particularly holding patterns, have been
heavily criticized in works by Prats et al. [6] due to
their low environmental and fuel efficiency. It has
been proven that the concentration of emissions at
low holding levels creates a critical environmental
burden in densely populated areas near airports.

A distinct and complex aspect of the problem is
the internal conflict between the requirement to
maximize throughput and the feasibility of executing
continuous descent operations (CDO) profiles.
Studies indicate [6], [8] that controllers' attempts to
maximize flow density using traditional vectoring
often lead to the forced interruption of the optimal
descent profile. This compels aircraft to perform
unpredictable maneuvers at low altitudes,
destabilizing the flow and increasing the risk of
conflict situations.

Although the Point Merge concept [2] was
proposed as an innovative solution to these
contradictions, most early works focused primarily
on simulation modeling or subjective controller
assessments. As noted by Erkelens [5], the key
advantage of PM lies in transforming the temporal

uncertainty of arrival into a deterministic delay on
the sequencing leg. However, the real operational
efficiency of such a transformation and its impact on
conflict-free movement requires deep validation
based on large-scale real trajectory data, which
determines the relevance of this study.

IIlI. METHODOLOGY AND CONCEPTUAL
FRAMEWORK

To ensure the objectivity of the comparative
analysis, a multi-level methodology for processing
large-scale ADS-B trajectory data was developed.
The research process follows the ETL (Extract,
Transform, Load) principle, allowing the
transformation of raw surveillance data into
validated Key Performance Indicators (KPIs).

The data preparation process begins with the
collection of raw aircraft state vectors from open
sources, specifically the OpenSky Network [7]. At
this stage, data is extracted for specific peak load
dates for the target airports (Oslo, Dublin, Paris).
The next step is pre-processing, which involves data
cleaning (anomaly detection), noise filtering, and
trajectory interpolation [10], [13]. This results in
continuous and unified data series suitable for
further mathematical analysis.

A critically important stage is the identification
of the operational configuration, where each
trajectory is enriched with context: assignment to the
active runway and corresponding meteorological
conditions based on METAR reports. Subsequently,
segmentation and labeling are performed, defining
the spatial analysis window within the TMA and
classifying flights by procedure type: traditional
vectoring (Baseline) or the PM system (PM Actual).

The final stages include calculating a set of six
Key Performance Indicators (6-KPIs) for each
segmented trajectory, followed by their aggregation
and validation. The result is a finalized database that
enables statistical comparison of ATM scenarios
with a high degree of reliability.

To formalize the Point Merge model and evaluate
its efficiency, the following mathematical apparatus
was used for further calculations.

The basis for delay absorption in the PM system
is the length of the sequencing arc, which defines the
system's maximum resource. For the ith arc, this
parameter is calculated as:

Larc,max,i = R : emax,i > (1)

where  Luemxi is the maximum path length along
arc A;; R; is the radius of arc A4; (in nautical miles);

Omexi is the maximum central angle of arc 4; (in
radians).
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This is a key indicator of system flexibility,
defining the range of possible distance adjustments.

It is calculated as the difference between the
maximum possible path Lms and the minimum
required path Lmin for the ith flow:

ALbLg/fér,i = Lmax,i _Lmin,i’ (2)

It is this parameter ALpy,; that allows the
transformation of a temporal arrival error into a
spatial maneuver without changing airspeed.

To evaluate the density and stability of the
inbound flow, the time interval between consecutive
aircraft is calculated at the system entry point or
merge point. For the # aircraft in the queue:

H(n):Atgate (n)_Atgate (I’l—l), (3)

where Afgq. 1s the timestamp of crossing the control
fix; n is the ordinal number of the current aircraft in
the arrival queue.

To quantitatively assess the controller's workload
(frequency of interventions), the heading stability
metric is used. It is calculated as the standard
deviation of the track 77k for k points along the
trajectory:

O jeading = \/ﬁZ(Trk_/ _]7{)

@

where Trk; is the heading / track at the jth point; 7rk
is the average heading on the segment.

Similar to heading, the stability of the indicated
airspeed is an indicator of the quality of the flight
profile execution and the absence of the "accordion
effect".

2
s

O elocity = \/Li(V, _V)z 5

ol 5)

where V; is the ground speed of the aircraft at the jth
trajectory point (in knots), derived from ADS-B; V'is
the arithmetic mean of the ground speed over the
entire analyzed segment.

IV.RESULTS AND DISCUSSIONS

A key indicator of capacity and safety is the
distribution of time intervals (headway) between
aircraft. A comparison of scenarios for Dublin
Airport (EIDW) is presented in Fig. 1.

As seen in the graph (Fig. 1), the curve for the
PM scenario exhibits a significantly steeper slope in
the central region compared to the Baseline. This
indicates low interval variability and a reduction in
the "long tails" of the distribution, which is a clear
sign of inbound flow stabilization.
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Fig. 1. Empirical Cumulative Distribution Function
(ECDF) of arrival intervals for EIDW

The second critical aspect is the stability of
Indicated Airspeed.

Analysis of Fig. 2 demonstrates that in the PM
system, velocity variability is significantly lower,
i.e., the curve is shifted to the left. This confirms that
the geometric structure of PM allows for delay
absorption through distance adjustments, minimizing
the need for active speed instructions by the air
traffic controller.

Furthermore, an analysis of velocity heatmaps
(Fig. 3) reveals that under vectoring (Baseline), the
velocity "cloud" is dispersed, showing a spread of
160-240 knots at the same distance from the
threshold. In contrast, the PM system exhibits a
distinct "energy corridor." Calculation of the o
velocity metric showed a reduction by an average of
12-15 knots in the sequencing arc zone, allowing
crews to maintain a "clean configuration" (e.g.
without high-lift devices) for longer periods.

The impact of the system on spatial efficiency
and level flight time was also evaluated.
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Fig. 2. ECDF of indicated airspeed variability for EIDW

The last one, it was established that the average
trajectory length in the TMA (Fig. 4) for PM
increased by 12.4% compared to vectoring.
However, this elongation correlates with a 60%
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reduction in time spent in holding patterns, which
cumulatively reduces fuel consumption at the fleet
level and improves predictability.
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Fig. 3 Speed (velocity) profiles for EIDW: Baseline (top)
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Fig. 4. ECDF of time in level flight for EIDW
V.CONCLUSIONS

The results of the comparative analysis confirm
the hypothesis that the geometric structure of the
Point Merge system acts as a "passive controller."
The observed reduction in the standard deviation of
arrival intervals ¢ headway by one-third indicates
that the system becomes significantly more resilient
to human error. Unlike vectoring, where operational
entropy tends to accumulate (the "snowball effect"),

within the PM system, this entropy is effectively
dissipated along the sequencing arcs.

The increase in average flight distance is
identified as the "cost" for predictability. However,
under conditions of high traffic intensity,
predictability proves to be a more valuable resource
than the theoretical minimum distance.

Prospects for future research include the
integration of meteorological data (GRIB) into the
computational model to estimate True Airspeed
(TAS) and assess the impact of wind on the capacity
of sequencing arcs. A transition from batch
processing to real-time data analysis based on the
Apache Kafka architecture is proposed to create
tools for operational stability = monitoring.
Furthermore, it is advisable to extend the analytical
software suite with a Monte Carlo simulation
module. This will allow for the generation of
synthetic peak load scenarios based on the derived
statistical distributions to verify system stability
under critical conditions.
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A. O. MapmaJjok, O. €. Jlynno. I'. ®. AprynoB. [JociainkenHsi onepainiiHoi AnHaMiku Ta 0e3nexku NpuoOyTTS B
cuctemi Point Merge

VY cTaTTi po3TIISHYTO aKTyalbHY IpoOJieMy IMiABUIICHHS e()eKTUBHOCTI KepyBaHHS MOBITPSHIM PYXOM Y TepMiHAIBHUX
MaHEeBPEHNX palOHAaX B YMOBAaX BiJHOBJIEHHS IHTEHCHUBHOCTI MONbOTiB. OO’€KTOM [IOCHi/KEHHS € olepaniiHa
cTalidbHICTh TOTOKIB HPUOYTTSA, a MPEAMETOM — MOpiBHsUIbHA e(eKTHUBHICTH HOBITHBHOI cuctemu Point Merge ta
TPAIUIIIHOTO PalioNOKANIHHOTO BEKTOPYBaHHSI. MeTOIOMOTIs TOCTiKeHHS 0a3yeThess Ha 00poOIIi BEIMKUX MACHBIB
peanbHUX TpaekTopHuX JaHux ADS-B, orpumanux 3 mepexi OpenSky Network mnst aepomopry dy6min (EIDW).
3actocoBano migxix ETL (Extract, Transform, Load) Ta po3pobieno mporpamuumii xommuiekc Ha MoBi Python s
pO3paxyHKy KIIOYOBHX IIOKa3HHKIB e(eKTHBHOCTI, TakuX sK crabuipHICTh uacoBux iHTepBasiB (Headway),
BapiaTHBHICTH MPWJIAJ0BOI IIBUAKOCTI Ta €(EeKTHBHICTH TpaeKTOpiil. Pe3ynpratn 00YMCIIOBAILHOTO E€KCHEPHMEHTY
MIPOJIEMOHCTPYBAIM, IO Te€OMETpUYHAa CTPyKTypa PM gi€ sk IHCTpYMEHT, NMEpEeTBOPIOIOYM CTOXACTHYHHI Ipolec
mpuOyTTS Ha OETEPMIHOBaHY CHCTEMY i3 3aMKHYTHM KOHTYpoM. BcTaHOBIIEHO, 1m0 BhpoBakeHHS PM mo3Bommino
3HM3WTH BapiaTHBHICTh MIBHIKOCTI B 30HI CEKBEHyBaHHSI B cepeaHbOMY Ha 12—15 By3miB, mo MiHiMi3ye edekT
«TapMOIITKW» Ta HaBaHTAXEHHA Ha ekimax. KymynsatuBHuUil anamiz po3nominy intepBaniB (ECDF) mokasaB cyTreBe
3MEHIIIEHHS CTaHAAPTHOTO BiXWJICHHS, IO CBIIYUTH PO PO3CIIOBAHHSA ONepaniiHoi eHTpormii. X04a cepeqHs JOBKHHA


https://doi.org/10.1109/IPSN.2014.6846743
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.12985/ksaa.2018.26.4.020
https://doi.org/10.18637/jss.v031.i10
https://doi.org/10.1007/978-94-015-3994-4
https://doi.org/10.1007/978-94-015-3994-4
mailto:4646212@stud.kai.edu.ua
mailto:oleksandr.luppo@npp.kai.edu.ua
mailto:hennadii.arhunov@npp.kai.edu.ua

100 ISSN 1990-5548 Electronics and Control Systems 2026. N 1(87): 95-100

nopoTy B cucteMi PM 3pocna Ha 12,4%, 116 KOMIEHCYETBCSI CKOPOUEHHSIM Yacy nepeOyBaHHS B 30HaX OUYIKyBaHHS Ha
60%. 3pobiieHO BHCHOBOK, m0 cucremMa Point Merge 3a0e3nedye BNl piB€Hb MepeadadyBaHOCTI Ta OE3NEKH MPH
MIIKOBUX HABaHTA)KCHHSX, )KEPTBYIOUN HE3HAYHOIO BiJICTAHHIO 3apaJy CTA0LIBHOCTI TIOTOKY.

Karouosi cioBa: cucrema Point Merge; panionokauiiiHe BekropyBanHs; ADS-B; OpenSky Network; ByznoBuid
JUCIIETYEPCHKUM palioH.
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