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* Definition of a trajectory

e A set of chronologically collected observations
about the current positions of an object in motion

 Formal vector representation of a trajectory:
Pi:<ti:xi:y1‘:zi)

 According to the above notation, a trajectory is the
observation matrix, which in the rows contains
iIndividual observation vectors, while in the columns
are the time-instants of observation t and the
observed coordinates of the position In the
reference coordinate system x; y;, and z;,
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Deep trajectory data analysis and its applications
(Zheng, 2015)

Uncertainty Traj. Pattern Mining Trajectory ——
Privacy Moving || Freq. Seq. ||| Classification ap
Preserving Together Patterns Mining
Patterns — Trajecto
i Periodic jectory .
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 Trajectory data collection

* Trajectory of an individual
— Individual and group
mobllity research

* Routes/trajectories of
oublic transport vehicles

e Paths of animals In their
natural habitat

e Paths of natural
phenomena (tornadoes, f i
Weather Changes1 Ocean Filjar, R, Fili¢, M, Lucic¢, A, \)idovié, K, éari(é, D. (2016). |

Anatomy of Origin-Destination Matrix derived from GNSS

CU rre ntS, etC ) alternatives. Coordinates, 12(10), 8-10.
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Exploratory trajectory analysis

Data transforms
—ractal dimension
Hovering intervals

Stopping point detection

Source: Zheng, 2015

Filtering noise from trajectories (averaging, Kalman
and patrticle filtering, heuristic extraction of outliers)

Adapting to the c¢
(Map-Matching)

Path segmentatio

Path compression , .
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 Exploratory trajectory analysis
* Indexing and retrieving path-related observations
 Mutual distance and path similarity measures

Source: Zheng, 2015

B) Trajectory-Hausdorff Distance
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* Uncertainty of trajectory

* Detection and identification of errors in positioning
and trajectory determination & reconstruction

o —
; £
-
s I -

o - - Source: Zheng,
£ r,a:h-_‘é%———-' 2015
F)
.
(e
”

" i

C) GPS waces of migratory birds

A) Correlate two grids B) Build routable graph C) Query the graph
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 Deep analysis of trajectory

e Group movement

Source: Zheng, 2015
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 Deep analysis of trajectory
* Trajectory clustering

Source: Zheng, 2015

A) Clusters of segments B) Microclusters ~ C) Macro-clusters

* Recognising sequential patterns in trajectories

A) Sequential rajectory patterns B) Suffix Tree-based sequential pattern mining
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e Trajectory classification
e Detection of mobility means

Accuracy Kappa
RF =3 RF e |
N o KNN c}—-—-{ .- KNN o E
1 >

'y Y LSSVMR l---{ @ }--= |LssvMR --{ @ f--1
sm|  ore{a}i | o oo p--{}---
il 2| jeeea- <[ .},1' LDA i__‘{ .}......
CART | r----1 . — CART | i----- 1 & —
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Filjar, R, Sklebar, I, and Horvat, M. (2020). A Comparison of Machine Learning-Based Individual Mobility Classification Models Developed
on Sensor Readings from Loosely Attached Smartphones. Communications - Scientific Letters of the University of Zilina, 22(4), 153-162.
doi: https://doi.org/10.26552/com.C.2020.4.153-162
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e Qutlier detection

* Hierarchical diagram of trajectory similarity

Source: Zheng, 2015

GPS wrajectories of | Density-Based 7 . - ~;:‘
User 1 Clustering L e o N ool Y

User 1's hierarchical graph Shared Hierarchical Framework User 2™ s hierarchical graph
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e Bayesian (probabilistic) trajectory predictive model

 AIS data (vessels) (Gamulin, 2020)

54.8 -
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Research environment

R Core Team (2023).
R: A language and
environment for
statistical computing.
R Foundation for
Statistical Computing,
Vienna, Austria.
Available at:
http://www.R-
project.org

l RStudlo

File Edit Code View Plots Session Build Debug Profile Tools Help

O -0yl o Go to file/function v Addins ~
Console  Terminal Background Jobs =
R R431 -~/

R version 4.3.1 (2023-06-16 ucrt) -- "Beagle Scouts"
Copyright (C) 2023 The R Foundation for Statistical Computing

Platform: x86_64-w64-mingw32/x64 (64-bit)

R is free software and comes with ABSOLUTELY NO WARRANTY.
You are welcome to redistribute it under certain conditions.
Type 'license()' or 'licence()' for distribution details.

R is a collaborative project with many contributors.

Type 'contributors()' for more information and

"citation()' on how to cite R or R packages in publications.
Type 'demo()' for some demos, 'help()' for on-Tine help, or
"help.start()' for an HTML browser interface to help.

Type 'q()' to quit R.

The R environment for statistical computing (open
source)

R Project: (None) ~

Connection e [

) z3mig ~ | &

Environment = History

= » -

R ~ "} Global Environment ~

Environment is empty

Plots Help

Files Packages V]

=] Export ~

Working environment: (1) The core R system (Linux, MS Win, macOS), from: https://cloud.r-

project.org/, Open source (i. e. free for non-commercial use)

(2) GUI Rstudio, free for non-commercial use, from:

https://posit.co/download/rstudio-desktop/
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e Data sources

e Automatic Dependent Surveillance — Broadcast
(ADS-B) Software-Defined Radio (SDR) Receiver

li Cnmm Satellite

W GPS Constellation
L&
=

\E:

:'_'r'ZZF‘:‘-_'!II‘I.-.."
.

L _:
Air Traffic |
 Control fheeessssn Ground Station )
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 ADS-B Software-Defined Radio (SDR) Receiver
e Data transfer protocol

Junzi Sun

THE
1090

MEGAHERTZ
RIDDLE

(Second Edition)

A Guide to Decoding
Mode S and ADS-B Signals

Mode-S
Downlink

!

DF 0: Short air-air surveillance (ACAS)

DF 4: Altitude reply

DF 5: Identity reply

DF 11: All-call reply

ADS-B

DF 16: Long air-air surveillance (ACAS)

DF 17: Extended squitter

DF 18: Extended squitter, non transponder

DF 19: Military extended squitter

DF 20: Comm-B, with altitude reply

DF 21: Comm-B, with identity reply

/e
;

DF 24: Comm-D, extended length message

i *BDS: Comm-B Data Selector

i * DF: Downlink format

i * DF 0-11: Short messages, 56 bits

' *DF 16-24: Long messages, 112 bits

' *DF 1-3, 6-10, 11-15, 22-23 not used

BDS 05: Airborne position

BDS 06: Surface position

BDS 08: Identification and category

BDS 09: Airborne velocity

BDS 61: Aircraft status

BDS 65: Operational status

BDS 10: Data link capability

BDS 17: Common usage GICB capability

BDS 20: Identification

BDS 30: ACAS resolution advisory

BDS 40: Selected vertical intention

BDS 50: Track and turn report

BDS 60: Heading and speed report

BDS 44: Meteorological routine air report

BDS 45: Meteorological hazard report

Other
services ‘ —eo |Other BDS codes
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e Data sources - FlightAware

 Crowdsourcing data with ADS-B SDR Recelver

Join FlightAware  Login

FlightAware Ally | Q. Search for flight, tail, airport, or cit

Products Industries ADS-B

British Airways 281

————— BAW281/BA281
< ograde to see tail number and AT

< calsion
ARRIVED OVER 17 HOURS AGO
Terminal B

LHR

LONDON, UNITED KINGDOM

q [T GATECS2
L.ondon Heathrow - LHR

EDNESDAY 10-MAY-2023}
11:50 BST (on time)

11:05EDT [Engish (UK) v |ESHE

Flight Tracking Community Compan

X<
4]

Flight Details

View track log

All flights between LHR and LAX
LAX

LOS ANGELES, CA Departure Times

arived at TERMINAL B Gate Departure Takeoff
........................................... 11:50 BST 12:15 BST
WEDNESDAY 10-MAY-2023  scheduled 11:40 BST Scheduled 11:50 BST

(ontime) 15:05 PDT

Taxi Time: 25 minutes

11h 15m total travel time

NOT YOUR FLIGHT? BAW281 flight schedule

Set Up Unlimited Flight Alerts & More

Check out premium account features for aviation professionals and enthusiasts.

Discover FlightAware Premium

v Show Features

Subscribe to FlightAware Global for access to Eurocontrol data.

it
500 km
500 mil

13244 flights d

Source: https://flightaware.com/

- Average Delay: Less than 10 minutes
Arrival Times
Landing Gate Arrival
x 14:55 PDT 15:05 PDT

Scheduled 14:28 PDT Scheduled 14:55 PDT
Taxi Time: 10 minutes

Average Delay: Less than 10 minutes

Aircraft Details

updated a few seconds ago

Aircraft Information
Aircraft  BOEING 777-300ER (twinet) (B77W) Photos
Type
Registration  Upgrade account to see tail number

Airline Information

Airline  British Airways "Speedbird all flights
Flight Data £

Speed  Filed: 555 mph graph

Altitude  Filed: 9,750 m graph

Distance  Actual: 5,523 mi (Direct: 5,449 mi)

Callsign  Upgrade to see ATC callsign

Route  MLF WINEN Q73 HAKMN ANJLL4 decode

Top BOEING 777-300ER (Twin-Jet) Photos
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e Data sources — ADS-B Exchange

/N ADS-B Exchange
World's largest source of unfiltered flight data f  (in
I Home Share your data Tracking Map ADS-B Data Services Forum Store Remove Ads

Yy

Izvor: https://adsbexchange.com/



United Nations/Finland Workshop on the Applications of GNSS

Helsinki, Finland, 23" - 27" October, 2023
Airplane Trajectory Reconstruction and Analysis Using GNSS-Based ADS-B Data

Renato FILJAR, Croatia

e Data sources — OpenSky Network
Crowdsourcm data with ADS B SDR Recelver

Network~  Communi ity v Data About ~ Contribute & My OpenSky ~

NETWORK

uﬂ ).}- More featur
%
e A4
% >
&K Ak
'3 > ~
1A% TP Aty
4
+ ¥ >
X -3 s
i > 3
¢
NS
o 3
A4 4524 %
Al 4524

83

6‘ Leaflet | Data © OpenStreetMap contributors, CC-BY-SA
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e Data sources — OpenSky Network
Crowdsourcing data with ADS-B SDR Recelver

Network Community ~ Data~ About~ Contribute v = My OpenSky ~

e g i N -y ;
‘l." "i NETWORK

On this page, we will collect and briefly introduce some of the OpenSky-related tools provided by our extraordinary community,
covering different functionalities in the main data science languages Python, R and Matlab. Principally, these are tools to access
and process data either via our Impala shell (acess request required), our live APl or our prepared datasets.

Naturally, the OpenSky Network Association does not maintain these tools and thus cannot give any support. For
further questions on any of these, you should ask the respective maintainer or try our forum. Pretty much all of these
tools are developed as open source, so you can help improve them and report any bugs. This list is work in progress, if you want
to add your OpenSky tool or know of one that should be on this page, please write us at contact@opensky-network.org

Further reading suggestions for better understanding of the air traffic data we use include:

e https://atmdata.github.io/
e https://mode-s.org/decode/
e https://github.com/openskynetwork

I. traffic — Air traffic data processing in Python

em-processing-opensky

es, osn, openskyr
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ADS-B airplane trajectory
analysis and estimation

Estimation methods and

uncertainty quantification of &
PNT e

Statistical learning-based
spatial predictive models

Outlier detection

Trajectory  planning and
estimation uncertainty (errors)
In  targeted environment —

CO n d Iti O n S | M;{ | ':\Lia‘ﬂet | © OpenStreetMap contributors, CC-BY-SA
Ambient-based trajectory
convergence towards

corridors
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e Spatial & PNT uncertainty guantification

« Estimation and quantification of positioning,
navigation, spatial predictive models, trajectory
planning and estimation uncertainty (errors)

'J';u
o

%ﬁl o ™ Ay wa
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e Spatial analysis of GNSS positioning uncertainty

e GPSJam.org, snapshot taken on 150CT23 at 0941 CEST

NUNAVUT

GPSJam

Daily maps of GPS interference
About | FAQ

Greenland

Iceland

QUEBEC Qagortoq

Quebec
.

VT.

St. John's
.

amaica

Source: https://gpsjam.org/?lat=59.72044&lon=-
13.58632&z=3.0&date=2023-10-13

Level of GPS interference
Low 0-2%
Medium2-10%
M High > 10%

upe

Data provided by
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D
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e FEvidence and recommendations

 Formal ontology is established for trajectory description —
statistical and machine learning analysis — programming
frameworks available (R)

e Data collection through SDR receivers - large data bases
of ADS-B observations are available in open access
manner

« Stage is set —» (1) encourage international co-ordinated
and collaborative framework for statistical methods
development and trajectory analyses, inference and
modelling

-~ (2) facilitate international co-operation network
on data exchange, analysis for targeted
applications, and academic education in the field
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e Laboratory for Spatial Intelligence,
Hrvatsko Zagorje Krapina University of Applied Sciences,
Krapina, Croatia il

 Research, advisory, and academic education concerning:

* Positioning, Navigation, and Timing (PNT) estimation methods,
techniques, correction models, and algorithms

* Spatial and PNT uncertainty quantification

* Trajectory analysis, estimation/prediction, and convergence
towards corridors

* Spatial occupancy detection and modelling

* Statistical learning-based spatial data modelling and predictions

 Research activities based on tailored software developed In
the open source R environment for statistical computing
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Satellite Systems (GNSS) play in shaping the modern world.
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Thank you for your attention!

With an invitation to
Baska SIF (Spatial Information Fusion) Forum
to be held in Baéka Krk Island Cro"

Faculty of En ‘,"»f"nrv"arsny ka CrOatla ahd\
:w Laboratory {e] Spatlal“x Inte |gemer A,
__—=Hrvatsko Zagorje Kraplna Unlversny of Applled Smences Croatla
E- ma|I ak@gmail.com R
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