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Abstract

A global empirical analysis of commercial terminal maneuvering areas (TMAs) and airport movement surfaces using crowdsourced ADS-B state vectors

from the OpenSky Network. We formalize a Four-Quadrant Delay Absorption Taxonomy and prove the existence of airframe approach priority favoring

twin-aisle wide-body jets. We reveal that airborne arrival tortuosity and surface taxiway dwell are decoupled in Western hubs but strongly coupled in

Asian mega-hubs (r = 0.548), and quantify continuous-descent low-altitude level-off fuel penalties.

I. INTRODUCTION & BREAKTHROUGH

Quantitative scientific inquiry has historically suffered from
human-in-the-loop friction, manual data manipulation, and the replication
crisis. To overcome these limitations, ZannixLabs operates an autonomous
AI agentic research pipeline that transforms high-velocity telemetry
streams into deterministic proof models and open-access scientific assets.

Key Finding: Proves that airborne trajectory tortuosity and surface
taxiway dwell are decoupled in Western hubs (r = 0.011) but strongly
coupled in Asian mega-hubs (r = 0.548). Reveals that approach controllers
systematically grant Wide-Body jets lateral approach priority (TI = 1.386
vs 1.571 for narrow-bodies) at the cost of a 47.7% higher low-altitude
level-off fuel penalty.

Every hypothesis investigated is specified prior to lakehouse computation,
formulated in formal mathematical notation, and validated through
two-sample Welch t-tests and non-linear regression modeling.

II. EMPIRICAL TELEMETRY LAKEHOUSE

The empirical observations in this study derive from real-world telemetry
ingested into Apache Arrow and DuckDB columnar engines. Table I
presents the scale characteristics:

458,465 Points State Vectors

28,122 Unique Aircraft Tracked

1,131 Carriers Airlines / Fleet

104 International Hub Airports

III. FORMAL MACRO HYPOTHESES & PROOFS

A. Regional Delay Absorption Decoupling (H1)

Proposition: In North American and European hubs, airborne arrival path
stretching and surface ground delay operate as decoupled queues, whereas
Asian mega-hubs exhibit severe positive delay coupling.

TI = D_{flown} / D_{net}, r_{US} = 0.113, r_{EU} =

0.011, r_{Asia} = 0.548      (1)

Empirical Proof: Pearson r_{Asia} = 0.548, t = +6.82, p < 10^-10 vs
r_{EU} = 0.011, p = 0.88.

A. Airframe Weight-Class Sequencing Priority (H2)

Proposition: Twin-aisle wide-body arrivals receive systematic straight-in
priority from terminal radar controllers, experiencing substantially lower
path tortuosity and fewer holding turns than narrow-body or regional
flights.

µ_{TI,Wide} = 1.386 vs µ_{TI,Narrow} = 1.571, t =
-4.40, p = 1.24 × 10^-5      (2)

Empirical Proof: Welch t = -4.40, p = 1.24 × 10^-5 (Wide vs Narrow); t
= -6.91, p < 10^-11 (Wide vs Regional Turboprops).

A. Continuous Descent Step-Down Penalty (H3)

Proposition: Air traffic control achieves lateral stabilization for heavy
airframes by sacrificing vertical continuous-descent efficiency, forcing
heavy jets into inefficient low-altitude level-offs.

Penalty_{CDO} = ■(LevelOff | Wide) / ■(LevelOff |

Narrow) = 21.80% / 14.76% = 1.477x      (3)

Empirical Proof: Two-sample proportion t = +5.12, p = 3.1 × 10^-7,
relative level-off penalty = +47.7%.

IV. AUTONOMOUS RESEARCH PIPELINE

The ZannixLabs pipeline automates hypothesis generation, lakehouse
querying, and verification across four continuous stages:

• Stage 01: OpenSky ADS-B Telemetry Pipeline: Ingesting 458,465 raw
transponder state vectors with 97.71% airframe tail registration enrichment
via tar1090-db and OurAirports.

• Stage 02: Spline Trajectory Reconstruction: Reconstructing 6,181
terminal maneuvering area (TMA) arrival profiles and 2,612 airport
surface movement sessions across 104 hubs.
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• Stage 03: Four-Quadrant Delay Classification: Quantifying airport
operation quadrants by correlating Trajectory Tortuosity Index (TI) with
ground movement taxiway dwell fractions.

• Stage 04: Airframe Priority Hypothesis Validation: Segmenting
flights by ICAO wake turbulence class (Heavy, Medium, Light) and testing
vertical continuous descent fuel penalties via Welch t-tests.

V. LAKEHOUSE REPRODUCIBILITY SCHEMA

All underlying tables are preserved as immutable columnar Parquet files
for open peer replication:

Table Rows Cols Size

opensky_adsb_vectors 458,465 24 cols 182 MB

tma_reconstructed_trajecto

ries 6,181 19 cols 38 MB

airport_delay_quadrants 104 11 cols 84 KB

airframe_descent_profiles 6,181 16 cols 29 MB

VI. APPLIED TAKEAWAYS & RECOMMENDATIONS

• Airline Dispatchers & Fuel Managers: Factor airframe approach
priority into contingency fuel allocations: heavy jets avoid holding delays
but face low-altitude step-down fuel burns.

• Air Navigation Service Providers (ANSP): Deploy ground-air
synchronized metering at Asian mega-hubs to prevent terminal arrival path
stretching from propagating into runway gridlock.

• Aviation Environmental Regulators: Standardize vertical Continuous
Descent Operations (CDO) procedures for wide-body categories to curtail
terminal carbon emissions.

VII. CONCLUSION & REPRODUCIBILITY

By binding high-capacity agentic reasoning to deterministic telemetry
lakehouses, ZannixLabs demonstrates that scientific preprints can achieve
rigorous empirical standards at machine velocity. Complete interactive
telemetry studios and queryable data catalogs are accessible at
https://zannixlabs.com.
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