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Initial problem statement:remote air traffic control towers
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How air traffic control works: arrivals
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How air traffic control works: departures
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Traditional

air traffic control tower

€Q Officer CX Flight Test Officer
P CV  Tower Officer Ex Flight Test Controller
GC Ground Controller ¢ |nformation Officer
TC Tower Controller o |nformation Operator
@ @ @ CA Approach Officer  gp Track Controller
AR Arrival Controller  gT server Technician
ca DP Departure ControllergT Radar Technician
TR Transfer Controller BT Barrier Technician
APPROACH Rx Radar Controller FB Fire Brigades
@ @ Fx Final Controller CT Crash Team
@ ® \@ CM Mission Officer ER En Route Controller
@ Mx Mission Controller
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Desiging remote air traffic control centers
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€Q Officer CX Flight Test Officer
CAB CV Tower Officer Ex Flight Test Controller
GC Ground Controller  ¢g |nformation Officer
TC Tower Controller 1o |nformation Operator
@ @ @ CA Approach Officer  Bp Track Controller
AR Arrival Controller  ¢T server Technician
ca DP Departure ControllergT Radar Technician
TR Transfer Controller BT Barrier Technician
APPROACH Rx Radar Controller g Fire Brigades CENTRE
FXx Final Controller CT Crash Team
"‘o @ CM Mission Officer ER En Route Controller ‘
@ Mx Mission Controller
WEATHER .
STATION ca @ MILITARY DETECTION
’ CENTERS 2
DIRECTION MILITARY EN ROUTE
FINDERS . i A CENTERS ER
?
SECONDARY CIVIL EN ROUTE
RT | RADARS PARKING CENTERS ER
OTHER TOWERS J27,917,216m
PRIMARY
RT | RADARS ITAXIWAYS - J21 , 7 2 5 ,6 2“ i & & Qo6
hs COMMAND AND 0
BARRIER [ | RUNWAY % CONTROL @2 G& %8 37 , 21
S o o [ e [ [ e e AR LAkl
VOR NDB TACN LoC GLDE MRKS LGTS WSCK .e
(Furstenau, 2014)
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Remote ATC Center: Why?

¢26SN) O2y&UNHOUGAZY o Military context
| 0 2mzii B NWS NI KSA®HKG FSSi COSCA : 4hour deployment
| KI N&2dz286 | apnt RGISNF A b«
Enemy exposure

¢C26SN) YIAYGSylyOoS Civilian context
Isolated terrains

Human resource pooling b 2 02 QSN\,] ,\Ol- C_)v ,Y§|' y X S Ol y AYLlF 3A yé
POPOPAYUSNI OUuAZya
A single center for several lowraffic airfields X¢tea (G2 SyadaNB {AlGdz GAZ2Yy ! 61 NE
We talk about Multiple Remote Tower Operations
(MRTO) ] L 5 )
Mainly for small airfields with few airplanes per unit ¢NI yaYAaadiea/dz2tf Gdya ox2dzyRaz DA0N
e owSeylHnusqu ||t ®

l dZAYSYGSR wSFfAdGeT £ANIdz € wS»IF€AG:

1) https://www.tc.faa.gov/act4/insidethefence/2006/0102_14 tower_tech.htm
2) https://lwww.faa.gov/newsroom/faacommissionsmew-air-traffic-controttower-charlotte-douglasinternationatairport
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Controller workstation
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Remote ATC Center: brief history

First studies: augment the window view with optronic devices (Furstenau et al., 2004)
Goal: keep$ 21752/ / &5v6 ' 2%$8

1004 Temp
19/18

et al. 2006)

Then: remove the physical tower and replace it with a remote center (Schaik et al., 2016)
Potentially located hundreds of kilometers away
A screen wall has been substituted for out -the-view windows

Now: one center for multiple airfields  (Papenfuss and Friedrich, 2016)
We talk about Multiple Remote Tower Operations (MRTO)
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Remote tower maturity

Description TRL
Basic principles observed and reported 1
Technology concept and/or application 5
formulated
Analytical and experimental critical function
and/or characteristic proof 3
of-concept
Component and/or breadboard validation in 4
laboratory environment
Component and/or breadboard validation in 5
relevant environment
System/subsystem model or prototype
demonstration in a relevant 6
environment (ground or space)
System prototype demonstration in a space 7
environment
Actual system compl e
through test and 8

demonstration (ground or space)

Actual system Afl i gh 9proven(‘) through
successful mission operations
TRL Technology Readiness Levels
(Mankins, 1995)
bG! 18\ Bk° ESTIA-Recherche 10



Remote tower maturity

Description

TRL

Basic principles observed and reported

Technology concept and/or application
formulated

Analytical and experimental critical function
and/or characteristic proof
of-concept

Component and/or breadboard validation in
laboratory environment

Component and/or breadboard validation in
relevant environment

System/subsystem model or prototype
demonstration in a relevant
environment (ground or space)

System prototype demonstration in a space
environment

Actual system compl e
through test and
demonstration (ground or space)

Actual system Afl i gh
successful mission operations

gP ' oveno through
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Remote tower maturity

Description TRL
Basic principles observed and reported 1
Technology concept and/or application 5
formulated
Analytical and experimental critical function
and/or characteristic proof 3
of-concept
Component and/or breadboard validation in 4
laboratory environment
Component and/or breadboard validation in 5
relevant environment
System/subsystem model or prototype
demonstration in a relevant 6
environment (ground or space)
System prototype demonstration in a space 7
environment
Actual system compl e
through test and 8
demonstration (ground or space)
Actual system Afligh oP '

successful mission operations

TRL Technology Readiness Levels

(Mankins, 1995)

oveno through

Description

Relevant human capabilities, limitations, and basic
human performance issues and risks identified

Human-focused concept of operations defined and
human performance design principles established

Analyses of human operational, environmental,
functional, cognitive, and physical needs
completed, based on proof of concept

Modeling, part-task testing, and trade studies of
user interface design concepts completed

User evaluation of prototypes in mission-relevant
simulations completed to inform design

Human-system interfaces fully matured as
influenced by human performance analyses,
metrics, prototyping, and high-fidelity simulations

Human-system interfaces fully tested and verified
in operational environment with system hardware
and software and representative users

Total human-system performance fully tested,
validated, and approved in mission operations,
using completed system hardware and software and
representative users

System successfully used in operations across the
operational envelope with systematic monitoring of
human-system performance

HRL Human Readiness Levels
(Salazar, 2020)
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Organizational complexity in control towers

brings system expertise

French Airforce
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Project
Oowner & |« _ Air Warfare Center
emits requirements G i assists and v
ggg?éﬂonol Ground-to-Air
finances, expertise Command and Tech n0|0gy
approves Control Squadron
and qudlifies ]
v supervises
_ _ deployment — Airforce Command
_| Implementation Alr on first sifes Training
Contractor designs, Traffic Center
F o e\ Conto o
ploy _System gg'r?ticﬂﬁeﬁ raises bugs and
— ] v requests for evolutions
Military Air Uses Air Traffic
Traffic ) Control
authorizes : provides h 4
: supervises
Regulafor  |gperation dep et Squadron technical :
+ ployment support Technical
on remaining sites PP
Support < " -
submifs a safety assessment Squadron O rgan Izations People
report about the system i
|
forwards bugs and requests for evolutions
brings system expertise
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Human complexity in control towers

A control tower mobilizes :

Operational people

Inspectors, radar technicians, barrier technicians,
maintenance personnel, ground personnel, pilots,
trainers, weather services,firefighters, emergency
servicesgcrashteam, safetyservices

Non-operational people

supervisors, trainers, manufacturers, suppliers,
qualifiers,regulators

Designersdevelopersiesters,engineersmanagers, [~

WEATHER @

STATION & @
DIRECTION| .
FINDERS @

SECONDARY
RT| RADARS

RKIN
PRIMARY
(Rt ) RADARS {

TAXIWAYS
(v8) (cT)

aaaaaaa I RUNWAY

(1)
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cQ Officer CX Flight Test Officer
CV  Tower Officer Ex Flight Test Controller
GC Ground Controller  ¢g |nformation Officer

TC Tower Controller |5 |nformation Operator I e C h n O I 0 gy

CA Approach Officer  Bp Track Controller
AR Arrival Controller g7 server Technician

DP Departure ControllergT Radar Technician

TR Transfer Controller BT Barrier Technician
Rx Radar Controller FB Fire Brigades
Fx  Final Controller CT Crash Team

€M Mission Officer ER En Route Controller
Mx  Mission Controller

MILITARY DETECTION
CENTERS

MILITARY EN ROUTE
CENTERS

CIVILEN ROUTE
CENTERS )
OTHER TOWERS
COMMAND AND
CONTROL
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Adopting an HSI approach
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Human Systems Integration (HSI): official definitions

/ HumanSystemdntegration (HSI) \

4 {LAKBYGSNRAADASHAF O NB Y
K dzY I Iya& mﬁéééﬁﬁ@\g/é dzKIB
UKEdZY Q2 YLR2 Y 8Z F & B IyNS

K I NR@IZI‘&RJSINN.ZSQZNRN WIRG S R G¢KS 1 {L SyOd2dzN} 384
: O2 Y'Y dzy ASGI TSRO G 2 1ISNIE 2 NI understanding of the human
_ mesminieiose | g LIS G AFTODNIR & @A 2 Y roles, their responsibilities,
(NASA, 2021) and the limitations and
constraints that can influence
iKS RSaAaAday 2F (KS

G ¢ Kigectiveof the HSIisto recognizethe
fundamental role of people in complex
systemsby taking them into consideration
Sy andintegratingthem throughout the entire
weose  gysimme - | life cycleof the systemé

Integration

NS (INCOSE, 2023) -

(Handley, 2021)
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Human-Factor Ergonomics e ——— - Information Technol
- 4 - . ogy
+ Tasks and Activity Analysis __—~— ~~~_ + Human-Computer Interaction
+ Human & Organizational Performance -~ S~ -+ Artificial Intelligence
Evaluation & Metrics ,,’ Competences \\\ » Visualization Techniques
F 4 & . ~_ * Modeling & Simulation
4 Comfort&  professionalism g,
F 4 User Experience Safety N
7 1, e ‘\\ b
7/ b Environment S, h !
/ o P “>._ Occupational \
Usabili y . pa
4 o *._ Health \
/ X \
II \ \\
/ / \ \
' I’ I‘ \
] Human \ \
! Factors | | Sustainability |
: Engineering | | :
| | i I
1 \ ' I
| \ /  Social, /
‘\ “\ /’I Cultural, II
‘\ Training / Olganlgational ,I
\\ Factors ,/
\ /
\\ . 2 ,/
Systems Engineering \\\ HSlPlanning "~ .- -~ ¢ ey // Operational Domain
. Sociot;chtr;kal gfysster:ws A\ Integrated & Operatic|>nal Expertise & Experience
+ Systems of Systems A Workfgrce Logistics Support * chnarioE icitation
« Agile Development ™ Planning & Maintenance o Experimental Test Personnel
« Design & System Thinking “~_ =
+ Model-Based SE ™~ __ _
e " (INCOSE, 2023)
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Evaluation & Metrics > Competences
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F 4 User Experience i) Safety N
/
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/
/
,' Human
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|
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\
\
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+ Jociotechnical oystems s | /"« Operational Expertise & Experience
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Narrative Visualization
Storytelling and narratives
(Segel, 2010)
. Scientific Visualization (SciVis)
Data with natural geometric structure
User eXperience (UX) . O
Research through Design O O .
. (Zimmermann, 2007) Computer Graphics Symbols and notations
; synthesizing computer-based images ~ DataVis Design (Bertin, 1967)
Interaction O (Kim et al., 2026) (Goodman, 1976)
L i (Moody, 2009)
O m Data Visualization (DataVis) Time Visualization O
: Raw data Brehmer et al., 2017)
eXtended Reality (XR) (Brehmer et al,, 2017) . .
0 : L O . . (Uggla & Eriksson, 2019) Ecological Interface Design
nformation Visualization (Infovis) IMcllrov & Stanton. 2015)
Q_ Perception Abstract data structures O t ! ’ '
Cognition (Liu et al., 2014)
Knowledge Representation O Visual Analytics O Vis Design & Evaluation O
tnaly. . fi lex g (Munzner, 2003 . . N
0 D Task Modeling naly. procs. for complex act Design Study Methodology ! - ) Composite Visualization O
Construal Level Theory (Pribeanu et al, 2001) | (UM €t S2070) @ (sedlmair et al., 2012) O [aved & Elmquist, 2012)
(McDermott & Folds, 2022)  Situation Awareness ' (Giese et al.. 2008) \>edimair et al., ! . Trust
(Endsley, 1995) fr\l.:;r—i:r-i;- ; --It- 20‘1.' . MCDM 3D Visualization O (Wang et al., 2026)
v L et al., 1) r Calbuad s rd \
(Bowen et al.. 20211 O Naguna Salvado et al., 2022) (Brath, 2014)
O \ s A = Flexible Manufacturing . [Pinquié et al,, 2023) Gestalt Theory
O Context Modeling |?;;5:I:8E:3;|t\f:| A?g'ﬂ‘ffls Smart ManufactiTieg (Rosli & Cabrera, 2015)
(Disdier et al., 2024) \ } Y arici (Zhou et al. \
Systems Thinking _ : . ;C'rﬂ",?ugg?f CPPS (Zhou et al.,, 2019) O
O Digital Twins (Craletal, 20.24) PROSA & ARTI L
] e . i o Multimedia Data
Scenario-Based (Sobottka et al., 2025)  ERP . [Van Brussel et al., 1998) . (Wang et al., 2022)
MBSE g Desizn (Paziraei & Motamedi, 2025) . [Valckenaers, 2020) Cellular Manufacturing o !
5T B . Holonic MAS [(HMAS)
. _(Allert & Richter, 2008) (Gerl 1
Human-Centered Demgn[ - e a Industry 5.0 . , (Ge ber etal, 1999’_. Manufacturi .
(Rodriguez et al., 2007) anutacturing . .
Industry 4.0 ) ! Dedicated Manufacturing
Complex Adaptive Systems . Operations Research (OR) Multi-Agent Systems [MAS) .
. b ! i R g) g .
{Holland, 1992) . Production Planning . (Dorri et al., 2018) Aggnt Based Manufacturing .
(Carmichael & HadZikadic, 2019) o . (Martinez Lastra & Colombo, 2006)
- - I (Luo et al., 2023) - .
: Optimization
Event-Based Modelin
Sequence Management . . (Baldwin et al 231515 Production Systems .
ljSaclgett et Ial'-' 2006} Evolvable Production Svst Scheduling ' Reconfigurable Manufacturing
(Albo et al., 2019) volvable Production Systems (Rossit & 191 . . .
' (Frei et al., 2007) . (Rossit et al., 2019) Industrial Engineering .
. Hoist Scheduling Design Science Research Methodology
Manufacturing Execution System (MES) (Hamraoui & Elhafsi, 2016) [Peffers et al., 2007)
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ISO Standards related to Systems Engineering

Courtesy Jeahuc Garnie
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Courtesy Jeahuc Garnie

8 January 2026

Foundation

24765
Vocabulary|
24774
Guidelines for

Process
Description

BOK and

Professionalization

19759
SWEBOK Guide

Certification

Documentation

15289
23026
26511
26512
26513
26514
26515
26531

5806 5807
8631 8790
8807 11411

24773
SWE Prof.
Certification

Architecture

r e |

at ed

t o

24748-4
Systems

21839
21840
21841

24748-8
24748-7

Defense

System of Systems

Life Cycle Processes
15288
3748-. 24748-3

247481
Life Cycle
Management

12207

24748-5

90003
Software

24748-6
Systems & Software
Integration

30103
Framework for
Product Quality
Achlevement

16350
16351

Appl Management
and Guidance

Life Cycle Activities 1

v

v

v

v

v

v

24748-

7000

14764

Ethical

23396 14102
23531 18018
23643 20741
30130 24766

29119-x
20246

19770
IT Asset

Software
Maintenance

10746 14750
| 14752 14753
| 14769 14771

Testi
lndm
Reviews

15026
16085

Management
et Ri

ESTIA-Recherche

s
As

k Mgt and

15437 15909
19793 24744
19507 31320

15939
2915x
32430

surance  pMeasurement

14568 15474
15475 15476

15909 1950x

Syst ems

Software
Characteristics

14598
14756
41062

Software Quality

250xx Serles
(17)
Parts)

re Quality
Requirements and
Evaluation

14143
19761
20926
20968

4 “ 29110 series

v n

all

Version 24.0 2024-05-30

=STA  FlexTech

rrrrrrrrrrrrrrrrrrrrr

EEEEEEEEE CentraleSupélec-ESTIA Chair

22



Systems Engineering vs System Architecture

(Maier, 1997)

Distinguishing between architecting and engineering

Because it is the most asked by engineers in the new fields, the first issue to
address is the distinction between architecting and engineering in general;
that is, regardless of engineering discipline. Although civil engineers and
civil architects, even after centuries of debate, have not answered that ques-
tion in the abstract, they have in practice. Generally speaking, engineering
deals almost entirely with measurables using analytic tools derived from
mathematics and the hard sciences; that is, engineering is a deductive pro-
cess. Architecting deals largely with unmeasurables using nonquantitative
tools and guidelines based on practical lessons learned; that is, architecting
is an inductive process. At a more detailed level, engineering is concerned
with quantifiable costs, architecting with qualitative worth. Engineering
aims for technical optimization, architecting for client satisfaction. Engineer-
ing is more of a science, architecting more of an art.

In brief, the practical distinction between engineering and architecting
is in the problems faced and the tools used to tackle them. This same dis-
tinction appears to apply whether the branch involved is civil, mechanical,
chemical, electrical, electronic, aerospace, software, or systems.” Both archi-
tecting and engineering can be found in every one. Architecting and engi-
neering are roles which are distinguished by their characteristics. They rep-
resent two edges of a continuum of systems practice. Individual engineers
often fill roles across the continuum at various points in their careers or on
different systems. The characteristics of the roles, and a suggestion for an
intermediate role, are shown in Table 1.1.

As the table indicates, architecting is characterized by dealing with ill-
structured situations, situations where neither goals nor means are known
with much certainty. In systems engineering terms, the requirements for the
system have not been stated more than vaguely, and the architect cannot
appeal to the client for a resolution as the client has engaged the architect
precisely to assist and advise in such a resolution. The architect engages in
a joint exploration of requirements and design, in contrast to the classic
engineering approach of seeking an optimal design solution to a clearly
defined set of objectives.
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Architecture and emergence in HSI

(Boy, 2022)

The emergence paradox

Emerging properties only manifest once the system is active
The system can only be observed in operation once integrated

Problem : too often, integration happens once design ends
So, even ifemerging properties are useful for design,
they too often discovered after design

- Structures Q Functions

- Emergent structures O Emergent functions
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Socio-technical system definition in HSI literature

& Isystemis an arrangement of parts ! de8adSYy Kla b &adNHzOU dz Control Tomer E!
or elements that together exhibit Structure System
behaviour or meaning thatthe | ,/ Ensure fluid Avoid collisions
AYRAODGARdZEE O2yauAudzSyuua U € traffic
(INCOSE, 2023)

D NP dzy’ﬁe
/ﬁ \ I 2yaNg{lSNg Tower Controller
| Functions
Watch obstacles Give landing
System . . . on runway clearance
A function has physical or cognitive
Structure resources, which are themselves systems
Function
- Binoculars 9e S
2 & —
Enhance
Resources = PHYSICAL  COGNITIVE visibility See
"/ —
PHYSICAL COGNITIVE

(Boy, 2022)
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Technology -centered and human -centered approaches

Technologycenteredengineering

100% 4,
o
oS 5

0% ———
System Engineering Phases
Design ... Manufacturing ... Certification --- Operations ... Dismantling
& Support
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Humancentereddesign

Technologycenteredengineering
0, TN
100% 4, o = St E R0 100%
| o e 7
7
- // Human —|§
\ s / in the loop
\ $0$ P& g’ /
\\ / 3/
/ H
[
N §|
/N 4 $

/4 \ % &l
\ » “© /

/ 4

N % Ve

/ N 6/7/ /

I 7

I ol
2 s = ~ a~ "

0% +—— — ——— 0% /==
System Engineering Phases System Engineering Phases
Design ... Manufacturing ... Certification --- Operations ... Dismantling Design ... Manufacturing ... Certification —-- Operations ... Dismantling
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methodology (PRODEQ
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Approaches used
Tas“fa'vs‘s . - ScenarieBased Design (SBD)
rototype , A . A ~
Prototype Davelspment | Procedural & Declarative | L & Taxonomy a¢CKS dzasS 27T | dzu
. Preparation of a Simulation Facility |* Knc:)‘::i:gdeegglzzsetsms Development descAribed in concrete terrps, qnd tbi
. SIFNI e A UuKS RSaA
Human High-level Metrics +‘ """""""""""" h (ROSSOF& Car?i)ll 2002)
Factors 1 | Contextualized Criteria Human-in-the-Loop ’
Ergonomics Basic HF Measures Simulations Formative \
v - :
3 Activity Observatiop and Ana!ysis EUSAticne Humanln-TheLoop \
Emergent Properties Detection ) )
Fo————————mmmmmmmmfmmmm e . Simulations (HITLS)
Structure-Function Analysis Agile , .
Potential Redesign L Development a ¢h2marz]ﬂ[))ttrt]§ @gﬁ?;;%?;ngaf
. & HCD u viorin co X
Tangibilization 1 aAldz A2y ade
\ (Rothrock& Narayanan, 2011)
bG! 18\ ¥k~ ESTIA-Recherche 29



=STA FlexTech

REGCHERTE HE CentraleSupélec-ESTIA Chair

Example 2. CryEngine for heliport design

Heliports design for the Norway navy (Hjelseth, 2015)
Use of the CryEngine engine for the positioning of light beacons around an offshore heliport
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Other examples of projects pushing towards fully  digital simulation

5SaA3dy 2 FTEd@XKBY ®ILE O2 Y Modetisation
© airjet-world.com

@ Spécification

~ | Génération automatique

e des exigences et des
spécifications

Sim4Sys
6 MAefa dO2Z2Y

Wargamingat DGA CATOD
© defnat.com
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What happens when a plane wants to land on a runway?
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AR Arrival Controller
Rx Radar Controller
Fx Final Controller
CV Tower Officer

TC Tower Controller
GC Ground Controller
CQ Officer

CA Approach Officer

APPROACH DP Departure Controller
WA : TR Transfer Controller
Air Traffic Control syster'n @SERVERS k ‘@ © @) S0 Mission Officer
are sociotechnical system's COMMS @ Mx Mission Controller
CX Flight Test Officer
(Foster et al., 2021) RPETECTIO ‘I@ @ Ex Flight Test Controller
RADARS @ CB Information Officer
59b ¢ @ IA Information Operator
W 51w @ @ @ BP Track Controller
- PI Pilots
WEATHER|[BARKINGS ST Server Techmqan
STATIONS Bl RT Radar Technician
A BT Barrier Technician
5Lw9/ fic¢hbL21!  { NT Navigation Technician
CLb59W{ @ @ CT Crash Team
FB Fire Brigade
RT Rescue Team
LS Local Security
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"Air Traffic Control system
are sociotechnical system's

(Foster et al.,

2021)

"A system that includes a combination o
S)technical and human or natural elements.*
(SEBOK, 2024)
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/ . Information Officer
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What happens when a plane wants to land on a runway?
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AR Arrival Controller

Rx Radar Controller

Fx Final Controller

CV Tower Officer

TC Tower Controller
GC Ground Controller
CQ Officer

CA Approach Officer

DP Departure Controller
TR Transfer Controller
CM Mission Officer

Mx Mission Controller
CX Flight Test Officer
Ex Flight Test Controller
CB Information Officer
IA Information Operator
BP Track Controller

Pl Pilots

ST Server Technician
RT Radar Technician
BT Barrier Technician
NT Navigation Technician
CT Crash Team

FB Fire Brigade

RT Rescue Team

LS Local Security
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AR Arrival Controller
CABIN Rx Radar Controller
Fx Final Controller
CV Tower Officer
@ @ @ TC Tower Controller
GC Ground Controller
@ CQ Officer

CA Approach Officer
— helow ¢h? RESPONSIBILITY TRANSFER APPROACH DP Departure Controller
.m. _____________I—_—_—_—_—_—_—_—_—_—_—_—_—' @@v@ TR Transfer Controller
—— @SERVERS f @ CM Mission Officer
dP MILITARY EN ROUTF_AECFETEACLS _________ | - COMMS @ @ Mx Mission Controller
CENTERS \i\ ‘ ---------------------------------------- . @ CX Fllght Test OffICer
R DETECTION @ Ex Flight Test Controller
RADARS @ CB Information Officer
59b ¢ @ IA Information Operator
W 51w @ @ @ BP Track Controller
PI Pilots
WEATHER ST Server Technician
STATIONS PARKINGS@ RT Radgr Technigign
. BT Barrier Technician
5Lwo/ fichblL2!  { NT Navigation Technician
CLb59{ © @ CT Crash Team

FB Fire Brigade
RT Rescue Team
LS Local Security
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AR Arrival Controller
Rx Radar Controller
Fx Final Controller
CV Tower Officer
TC Tower Controller
GC Ground Controller
CQ Officer
CA Approach Officer
DP Departure Controller
TR Transfer Controller
CM Mission Officer
Mx Mission Controller
CX Flight Test Officer

. @gETECTIO d@ @ Ex Flight Test Controller
e ADARS @ @ CB Information Officer
- .
PR == md T ERTIE ‘ IA Information Operator
ot ———————— - R ENTIFICH BP Track Controller
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Pl Pilots
WEATHERIT WY L b { ST Server Techmqan
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I wArrival Controller
w ERadar Controller
C EFinal Controller
| + Tower Officer
¢ / Tower Controller
D/ Ground Controller
/ v Officer
/ ! Approach Officer
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¢ wTransfer Controller
/ a Mission Officer
a E Mission Controller
/- Flight Test Officer
9 EFlight Test Controller
/ . Information Officer
L ! Information Operator
. t Track Controller
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Complexityof air traffic control operations
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Industrial motivation: context in remote tower design
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Industrial motivation: context in remote tower design
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But what Is context?
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Terminology used in the literature to define the context

'ASR GSNXa& Terms we will use

environment(8), not explicit(3), physical environment(2), external(2), surrounding(1), encircling(1), nearby(1), sooiainentf), psychological
environment(1), outside(1), place(1),
emergent(1), where(1)

relevant contextual
elements(7), information(5), time(4), location(2), knowledge(1), space(1), lighting(1), noise level(1), network conrigatimitytiunication costs(1), elements
communication bandwidth(1), socisituation(1)

relevant(9), of interest(3), subset(2), domain(1), part of the world(1)
user(5), person(2), who(2), actor(2), human(2), agent(2), individual(2), role(1)

entity(7), system(7), object(5), product(3), thing(3), something(2), application(2), computer(2), resources(2), equipheedifhye(1), software(1), structure
artifact(1), what(1), structures(1), materialy(
focus(3), specific(3), subject(2), [object] of interest(1), object being processed(1), particyjam]l), concept(l), current(1) focus
behavior(6), task(3), activity(3), operation(3), process(1), execution(1), action(1), computation(1)

function
goal(3), purpose(1), scope(l), service(1), completion(1), mission(1), problem(1)
influence(3), constraint(3), be depended upon(2), affect(1), threat(1), enable(1), implications(1), sensitivity(1), ift)et@ptation(1), changing(1) influence
help explain(1), solve(1), characterize(1), learn(1), understand(1), classify(1), perceive(1), predict(1), recognigaét]linescribe(1), reason(l), .
. X help explain
infer(1), sense(1), meaning(1)
situation(9), circumstance(5), state(3), underpinnings(2), physical state(1), conceptual state(1), characteristics(byroitkgsetting(1) situation
conditions(4), factors(2), patterns(2), event(1), happening(1), stimuli(1), causes(1) event
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Layer 1: the Function Space

[ "G! 18\ Bk~ BPOf&$ +&5% +&



(]
INSTITUTE OF TECHNOLOGY
RECHERTECHE

CentraleSupélec-ESTIA Chair

Layer 2: the Structure Space
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System boundaries (see ISO 15288)
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Definition of the operational context of STS

Structure Function
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Wind direction

QFE dgroundpressure)

Air traffic density

Presencef birds

Notice to Airmen (NOTAM)

Mental load

{ No SignificantCloud(NSC),
Few (FEW),Scattered(SCT),
Broken (BKN), Overcast
(OVC)lsolate(1ISOL}

w N [0, 359 (degrés)
= (hPa)

a (°C)

{ Low,Medium, High}
Boolean

{None, Danger, Theft of
important persons, Closed
runway, Closed airway,
Unusable radio navigation
aids, Airspace restrictions,
Unusable lights, High
obstruction, Obstacle near
the aerodrome }

{1¢ Verylow, 2, 3, 4,5 ¢
Veryhigh}

s~ [0, 40]
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The six properties of the operational context of an STS

CONTEXT LEVEL CONTEXTUAL ELEMENT LEVEL
Specific Curated
Contextual Element
Q. ATC Relevance
U Typology Domain Model
Context is always relative to hyté | F¥S8¢ O2yiSEGdz St SYSy i S R L .
. £ oA A 5 p < / \ 5 Absolutely relevant
some focus object and cannot KI gS ) [ NE [ E s : : P ST ) | ——
be discussed in an absolute aeaidsSy FyR Al i y
: 3Rather relevant
manner :
) : 2May be relevant
Transient Entangled (o ) (o 1Not relevant
0[] < 1’%1, Relevance Frequency
< . N o ORGANIZATIONS (ORGA) 5Always relevant
. L /| 2y USEU |YyR aeapusSya | F¥SO0u oneamamons | [osomnizanions
Context is not static, it is a A R - ny = a o o (oG : = Sl re'?vam
e SI OK @ UNBSaNd dzZNDSa | YR e e 3Several times relevant
dynamic thing that changes AL o B _
. 0SKI @A 2NJ 2 Sometimes relevant
through time
1Never relevant
Holistic Persgtent Dependencies I NR GAOFf A (Temporality
(] =—
@ &% N on | | o
/2yuSEQ 2% I a e a U S Formferdvaluégoidcontextual Nominal  Off-nominal
GKFYy GKS &ddy 2F (KS elrdefitid bill ave a > -
2T U0UKS LI Nua 27F 0K Srelév&néeito3hé current >
situation ¢tLag
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The situation as a contextual shot
Cc2 Odza
Set of relevant

Some
structure contextual elements

Some
function /

Non relevant
/O cohtextual element
Relevant contextual ™| O r e
element O
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................... / [ tasks [of the user] are carried out.”
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Making context dynamic: situational changes
Situational change
Higher value for 0O
Fog Density <
= /
Presence of ILS onboard (O O
aircraft becomes relevant
SITUATION 1 /-\A SITUATION 2
é T~ . g h
O & | O
Tower [ ™ presence § ~
Supervision _/@ § \>
of airspace "
QV - 90
Fog density ILS onboard .
the aircraft
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Making context dynamic: situational changes

Environment Contextual .
change element value ocus
change change
s

<
~ 1/ Q
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TIME SPACE

ENVIRONMENT
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Layer 4: the Time Space
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Our final context framework (aka OSCAR)

Thecontextis a historical sequenceof situationsthat influences andhelpsto understandthe behaviorof a focus.
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What about
Air Traffic Control
context?

8 January 2026 BPQ&$ +&5% + &



The 352 contextual elements relevant to ATC operations =STA FlexTech

INSTITUTE OF TECHNOLOGY
CentraleSupélec-ESTIA Chair

RECHERTEHE

Contextual element Name Parent Contextual element Name Parent.
ey Vi Fre] e
Sesing tme|
: == ) 5 5 -
soung Termein speditan| Tocatcomtigwaton
Souna T ofie ntest AT upeste| AT wolcity i =
o
A€ groum otizion T Time scay| Time Brmin
scirzr] = —= B
— == = =
aszmienson on e e Enom o
ACepesainer] Aebemr Sosiesn =
= aonean = -
“AC trmerate. = Soolean = =z
no Z e s T -
x — e Saven . BN
Gommamizn
e Smraems
e o : e z = : — T —
prer—r Fa| 3 =
—_— 5 5 1 —— = 2 =1 aca, mioREs T = == -
+
ACbehevor Boolean - 2 - £l - El Commenication s - —~ = - oL — — — — — —
ACBznevier ESapHTHPHY aooiean - - - = == izt - = = -~ =
= T = = =
- Acheor o == = == : o frum z
Confiict| ACBzhevier STRESTR 4 3 s 2 = o = = i = : = = e Saoie=n
e ——rer = = = P I o e e e e = = — BN ra £ -
— = = - : = - o = =
e e Ty o = 1" 5
Ceveiouct] Aimmie-setins s 5] C Sovesr T - — Sommuneston ot — - T R = Bosicen
Ao —— == = e = - 3 a X =
Acsnen ATCORACIAL — = S = - =~ - om municatian ATEO. aooiean - - - =
o 3
i G == - S| e e e . ————— = =
ACocnevor L Soveon = = | it nepors Fisee comters| o anicetan PcT z = : . z = 3 =
e i o o I . :
= = T ion] o mnicaion co = ER s [ P o s 5
= =m —— e = E T e I B = e
ACbzhavor ACEHL Sooican R2ao svaimniity | om manication e sooesn - - -
sceims e sz W = = = = = - = = = =
"Compliance with orders L Eooesn = SmmencEton S VoL Boolcon =
e = E — = —= 1 - 5 = —
S . o ey sottncet S — =3 = s - 3 [ ) oy 2 = = -
Trace encrange netwenk svsiszity| ommunication T soenn - 2 B N ) -]
Ao ES o T B
AE confgaration Boneon e ErEETY — E O -
AC pution ] — S — ] e = o L3 I I I N I
e — ViR radio ocites svaibi Cammamicstion o oaizen = == = = =5 Savlean 5 “ EE e — “ 5
eram
0 T = 7 = - 5 i = o P I
Ac smen W = = = = - e = EI - S I :
e 3 e = : = : 2 e = = =i =
A ansran o = = = o I I e N rcocor —— 5 - 1
= e — e = = — - —m s 5 z = r
A anturan o z = — = = = oo o F E
e s = = - T 720 saifcstons = e = = I )
Ac ansurn = = = = e Sooemn - = o vaing e = e : = == R
A piien T WY I I s = = 70Dt e = e W = i =
z RGES [Srowd vt sviai = e == E N I ] B
R poston ot T Y N B =1 > =] = I =T Soas concer o) - F Gl —
= 2 - e e St ot =S o — = = = e 2
A reverer s = = = iy i n Croennae o W i r
_AC zpailer sutuz] Eram_ vou - aTco. EETY - 3 r -
= erom z oo Vo EET) Sosn concerns o = 3 z =
erum = E o Smemn e it — I i
= - = 3 P o 5 E e | s
A€ mechania ot == e = = — o = = = =
A mecrament st == : == = — osn concens e :
e Py - = = —— — e 5
Euer o == = = — Eenaazmin| e
At £ = = = = cor 0
A conduraion 3 - - i e v Fr o z
=== i = = e = e z
ACsert Saaieen — Large-size birc on manoeuvring ares or vicinity | Birasir activity. AREA Boclesn ATc0 Soolcan
Acser Feg = = o e = o Scomnsa z
Acanepr o erom z = = — ot =
= == oy — = = o Soaeer
Acaen P T = = = = cor =
T P o — = e = s e -
v == = =z —
Tioe o 2 e Auen =3 — = = = o =
Cognion ) z = = =
[ ——— e
7S P of i = Fer — = ST Y = = = = =
Ay AT rar e sresstons Copnmr i z = = - e o = = = =
7co wennes| Cagrian ) E=T) = I 5 = = o = I e B
oo, = o B B L 3 = = = ) e i = 1
ATCO inte aTco. - - = 2 £ - £ £ - aTco. e “e-min. - - El - -
Cognitian ATCO - - = = - = £ = 2 ir - HUM Time nr-min - - 2 - -
Cogpition o = = o 5 E = o = = E I R B S
Cornmr Hiep ver FrTT z - s £ o = E I e
arce arce “sooiean - " - = - - z Wzather|
i vt cpuiiies Far = ol PN 5
= iy E= = = Reronch e A e = e = . prrrereey e oL ¥ 3 z =
— ey - - —= — = 2 n = o oo Py " W s :
== Frwan E=oy = : = = z = —: T eamer o z = = =
== = = B e - = = o ancins e wr = - -
== = o — — e == = e 3 Coust] Cout candtons NS P - B -
e i (PSR mvain ity | Racer svaimaiity ey = n - - - a - E) estner. oL = = = -
o wokiosd o — [ = = 3 : 5 5 >
= = b= gty v - = B - s - = Wind oL Scake 3
Feragen i FET — . = - =1 — = z = =
Cagrison rm B - B i = = e o = < = =
o S 1 = Sadar vty Ere Fer S E i = = = s o
= e = — - - e cuner| s pan e Faoas = T B e T o : = - 1=
Loua sound] Souna ] Bosican S ) : = riwars capabii L 5 S Westner Fry = = = =1
ree—— = = = T 5 5 - rdors apabifes cos D) — 1 = - = e = = - r
ioeior saiscaity Ferception Sovean 5 rowsre capasilie: cos E=T =1 5 o o — = N - 5
n Faizue iy = = —Eo= = - [ Em[ - = Wesrer e z = I N 3 S
Mumber o AC Unger one ATCO's responsici ) 3 rawers cogagiite: PHY N 3 E s | - H =
pomicin S — —_— o 2 Z esthar i) o = =15 =
Feizuc iy - — = Eee 5 - e =
— N — [ artunre sspines rer N 5 5 -
Rardwer vilie: e =Ty - - r - Jeing, Weather L —
= Foy = — [ arouere copeite — = -
== = — = — = — - = 3 = = o =
e 3 —= aaieniguratin FaneHT N " = = = = =
_ pareest & Sonew 0 = n 2 e Wesiner Fy -
= _— = = — e weamer Ao v
e ey = 5 5 5 | i Mwestner anex B
= 550 mrmiii o sy Fer Socienn oml | = e £
o 5 F s s ey erum
Software capeiiites | PHY - - - - | Weather VoL ks
[5AAL VoL Erum_ - - 2 - 2 | Sweather AREA -
E tion | T Sooiean - - - = | MWeather o =
=) e ey Sasemn o - = | e sesner o E
) svwimsie| Racar sosimoity e = 5 5 = Thamostom Thunce: o ootean
e iy == = s = Turmuieniz| wing =N s
o o = z 1 = Vo eamer Vo T
o — T i St s e wenar i -
) o "
s o "
Vit o —

9 July 2025 CS Research Labr ESTIA-Recherche - LGI

69



The 352 contextual elements relevant to ATC operations SSTA FlexTech
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The 352 contextual elements relevant to ATC operations: Weather

QNH (i.e. atmospheric pressure at sea level)

Thunderstorm Dew point temperature

QFE (i.e. atmospheric pressure at ground)

Headwind strength
Windshear, Wind direction
Hail

Crosswind intensity

Wind (

\ / Gusts of wind
Weather
e Turbulence
Gmund{ﬂg\. Rain Microbursts
Fog Freezing level Wind speed
Foo @ / Coefficient of haze(CoH)
og densi ,
’ N / {ecipitation type Rain type
Air temperature sk Rain intensity

Nebulosity Volcanic ash

Relative humidity

Unexpected thunders

hunder

Storm conditions

Weather degradation

Layout of enlightened areas among clouds Cloud type Hazardous inflight weather advisory

“loud ceiling altitude

Cloud coverage
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The 352 contextual elements relevant to ATC operations: Cognition

Presence of smoke or water spray from tires when touching down

Lower body temperature ATCO field.of vision obstruction

R Visual Ra
Circadian dysrythmia | Napping e |sua. ) oc;e
Visibility range Local illumination

Sleeping. time Apparent snshine
\ ﬁ

Number of night.shifts__ atigue Direct weather.visibility from controller
Perception

Logo-on skin of AC

A AC in- ATCO field of vision
Cognltion

Task complexity
Number of AC under one.ATCO's responsibility

Cognitive workload
Decision-making efficiency

Subjective sleepiness

Number on skin of AC

Paralyzed ATCO Sound.of-takeoff power

Sound

Vehicle horn sound

Reaction time
Loud unexpected\s&md

’ //
Prioritisation"of a task ATCO stress Sound of engine run-up

ATCO information overload ATCO's eyes current focus

TCO situation awareness

Automation trust /
ATCO's understanding of hazard

ATCO alertness

ATCO personal welfare
ATCO s sore eyes
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8 categories of context in ATC

Cognition

Social Cognition
42

Aircraft
behavior

38
Aircraft

configuration
34
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Final context ontology (for ATC)

Context module System module
4 N [ 3
System
1 “‘R
1 “t
Domain Structure Function
Defined on » - < Allocated to
1 * 1.7 1.* 1.%
1 1
Event Range
Affects » Focus
* Maps to »
S| e
1 * *
Is parent of Unit *
Has »
Category
* * * * 01
Aircraft behavior : string
Aircraft configuration : string 1 Contextual Element Activity e
Cognition : string . , , | name : string * < Influences » [~
Communication : string T 7] temporality : Temporality |« / *
Local configuration : string 7| category : Category i
Policy : string 7 4
Soc. cog. factors : string * x ; -
Weather : string Situation Task
relevance : float
Filiects ! criticality : fioat
Temporality
Structural
Circumstantial
" 7 \, y
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Towards Context -Aware Model -Based HSI

SAVE

Focus

Structure: Cabin
Function: Give departure clearance

fcnves &
Clconms
eATHER
stanion
ivecrion
rinoees

o N

r&immmm

[\
Cabin's functions

te ground traffic
+/ Give departure clearance

Contextual elements

DEC

Structures in "Cabin"

Ground Controller (GC) X

Tower Controller (TC) X

Runway status

Wind speed

ATCo's experience
Alrspace classification

1eck that plane has landed Inform GC of occupancy

Instruct pilot to hold point

Close runway 09

user defines information about
structures, functions and
4

1al el s’

/ The "Focus" panel is where the \

Such information has no
dependence on a particular
scenario. The selection of a

structure and one of its
functions function triggers the
possibility for the user to edit
the scenario on the "DEC" and
\ "PRO" panels on the right

The "DEC" panel
contains the declarative
knowledge related to
the scenario, including
intervening actors and
instantiated relevant
contextual elements

~

C The "PRO" panel contains the
procedural knowledge and provides a
place for the user to edit the tasks
conducted by actors to achieve the
selected function. The user may
define upstream and downstream
influences (represented by red vertical
arrows) between these tasks and
\_ contextual elements Y.

\

>

The editor provides the
user with tools to edit
the scenario in a task-
based, BPMN-inspired
descriptive formalism

/" Eachinstantiated

contextual element has
a timeline upon which
the user can edit the
successive values of the
element. The range and
time span of the values
depend on the
contextual element’s
metadata that has been
previously defined in

\__ the "Focus" panel.

/
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Some closing remarks about HSI

HSI is:

A

a young discipline (~ 20
years)

a wide range of
multidisciplinary
approaches to systems
engineering

rehabilitation of the
human and
organizational elements
In systems engineering

adapted to complex
systems, particularly
socio-technical ones

ESTIA-Recherche

EPF , 6
I

127 m

A Incompatible with human-

centered methods in
systems engineering
(human factors, UX, User
Centered Design, agility,
etc.)

a simple methodology : it is
also a set of tools and a
representation of
knowledge

only related to the design
phase of a system

@
. — ")
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» develop atheoretical or even
mathematical framework for
HSI concepts (and systems
engineering)

A standardize, structure and
equip methodologies so that
they can be more easily
transferred to industry.

A Qive greater emphasis to the
teaching of HSI (and systems
engineering)
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