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Welcome by J. Bertolin (UNIFE), D. Lopour (EUSPA)

Introduction to CLUG 2.0, J. Bertolin (UNIFE)
LOC-0OB System Definition & Requirements Specification, A. Irvathraya (DB)

RAMS Analysis, M. Sarrat (SNCF)

Design & Development, A. Sfeir (ADS), G. Ligorio (ADS), P. Grandjean (ADS)
e | OC-OB High level Functional architecture candidates, A. Sfeir (ADS)
o Along-track localization, FDEs, Integrity and Track Selectivity, G. Ligorio (ADS)
e | OC-OB sample results focusing on GNSS contributions, G. Ligorio (ADS)

¢ Performance predictions in safe availability (true pos/speed/acc within computed
Cl and computed Cl < Maximum/required Cl), P. Grandjean / A. Sfeir (ADS)




13:10-14:10 Integration & Testing (including Site Demonstrator), B. Stamm (SMO), N. Harnger (SMO),
G. Durand (SMO)

e Scope of WP5, Cooperation with SBB on test trains and map data, data collection
including test trips, B. Stamm (SMOQO)

¢ Data Flow, Tools, Data Processing, Ground Truth, N. Harnger (SMO)
e Data Analysis, Results, G. Durand (SMO)
e Demonstrator, B. Stamm (SMO)

14:10-15:20 CLUG 2.0 Cost-Benefit Analysis, E. Ziese (DB)

15:20-15:50 CLUG 2.0 Gap Analysis, A. Gharios (SNCF)

16:00-16:20 Project Results, achievements and future activities, A. Gharios (SNCF)

16:20-16:30 Closing Remarks, D. Lopour (EUSPA), J. Bertolin (UNIFE)
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Develop and demonstrate absolute safe train positioning by applying the existing and future
European Global Navigation Satellite System (GNSS) and the European Geostationary Navigation
Overlay Service (EGNOS) and multi-sensor functionality for train localization.

The expected objectives of CLUG 2.0 are based on work performed in CLUG (along the track)

e Consolidation of user needs and system requirements ( , Start of Mission and Track selectivity)

e Consolidation of safe localization system architecture and prototype new critical functionality

e Track Selectivity and Safety
e Sensor and system levels FDE algorithms
* Confidence Intervals computation and global Integrity concept

 RAMS analysis on the consolidated functional architecture of the system.

* Live demonstration/Replay to consolidate readiness of the CLUG multi-sensor fusion algorithmsv
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\

WP1

Project management
and coordination

|

WP2

LOC-OB System Definition &
Requirements Specification

23/07/2025

WP3
RAMS Analysis

1

WP5 WP6
_ WP4 Integration & Testing . Cqmmunlcatloq, .
Design and Development | (jncluding Site Demonstrator) Dissemination, Exploitation

and Business Case




=  Demonstrate the feasibility of using EGNSS in rail signaling solutions (in term of
operations and performance)

= Validate the critical points regarding standardization (migration, interfaces, etc)

2019 2020 2021 2022 2023 2024 2025 2026 2027

CLUG 2.0

PROJECTS X2RAIL5
2%
= O
EXQ Cu ) N
=urope’s ‘
2 LI
STANDARDISATION CCS TSI XX
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CLUG 2.0 VIDEO
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https://www.clug2.eu/news-url/?idn=4347c8af-2f04-4483-b319-62d3bc857a40

Ananthakrishna Irvathraya (DB) /
Zoltan Abram (DB)



Objective of WP2 is consolidating and
completing the LOC-OB system
definition and requirements
specification.

Operational Scenarios to build Test Cases

o WP2.1 Analyse operational needs and
operational context to derive system
HigH Level System capabilities and define high level user

WSoll Boundanes and

Sysjem Capabilities

High Level System Description o WP2.2 Nominal and degraded
it oPerati_onaI scenarios focusing on Start
of Mission and Track selectivity — In the

Boundaries & Sysdem Cap abilities

@ ead DB
System Requirements in D2.4. 8 ¥ = =

%% i o WP2.3 Consolidation of existing

E E ap?roaches (e.g. OCORA) in the
) definition of a system architecture — In

LOC-OB System Requirements trutR.ﬁ.MS] e end Dovelopment the Iead SBB
o V?}/PZA Sbet 0(]; ?ystei'm requiret;nents for
, : the on-board localisation subsystem —
WP, iegrston end oot In the lead SNCF
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_

performance maonitoring

WP2.1, WP2.2 e \ O
and WP2.3 /

Concept 1 Operation, maintenance, 11 )__+ Decommissioning 12

System definition and System acceptance 10
operational context
\

\r \/ Key:
3

L_ Risk analysis
and evaluation

\ Verification task:

E

— Validation
Specification of 4 System validation 9
W P 2 . 4 5| system requirements

\ /

Validation task:

Architecture & apportionment Integration 8 Risk Assessment
V of system requirements  § e P
demonstration of
N compliance
e - with RAMS requirements
Control of Design and 6 Manufact 7 g
RAMS implementation anuracture Operation, maintenance and
requirements

decommissioning
To: Operation, maintenance and decommissioning
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Objective : Describe and analyse the operational scenarios in order to identify constrains and provide recommendations for the
localisation on-board unit, with a particular focus on the Start of Mission and Track Selectivity

Identify the users that need localization information

Identify the functions of each system in the wider system of interest

Identify the operational needs

N . I . .
.}. Define the system capabilities to fulfill the operation needs
N
- Define function and non-functional high-level user
requirements

23/07/2025 13




Functions of the Wider System of Interest
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SysCap [1] Provide 1D Train Front End Position

SysCap [2] Provide 1D Train Speed

Fine-tune speed
[1] X X | X
profile SysCap [3] Provide 1D Train Acceleration
Manage Train - . 5 R
Traffic 2] . . x x SysCap [4] Provide Train Movement Direction
Disposition
SysCap [5] Intentionally deleted
Release Track (3] . x
Sections SysCap [6] Provide Vehicle Attitude (yaw, pitch and roll)
E Sa of
nsur:,ai:ew [4] X x SysCap [7] Provide 3D Position
Movement
SysCap [8] Provide 3D Speed
Inform
Passengers SysCap [9] Provide 3D Acceleration
about real-time [5] X X x X
Position and y
Speed of Train SysCap [10] Provide Track Edge ID
- Drive Train Unit [6] X X X X X
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Req ID

UR[001]

Regquirement

LOC-0B shall provide 1D localisation information:

- Acceleration (estimated, underestimation, overestimation).
- Speed (estimated, underestimation, overestimation).

- Position (estimated, underestimation, overestimation).

- Train movement direction

- Train orientation

- Side of the position from/to reference location

- Track Edge Id.

Req ID

UR[014]

Requirement

LOC-OB shall be designed as an independent constituent of the Control Command
and Signalling On-Board (CCS-0B) with standardised interfaces.

Req ID

UR[020]

Requirement

The safety of the LOC-OB shall be ensured and demonstrated according to the
Common Safety Methods [ERA C5M)] and the [EN 50126] standard.

Req ID

UR[022]

Reguirement

The true train position shall be always inside the confidence interval.

23/07/2025

High-level user requirements for the localisation system
were derived based on the needs of two primary railway
users—Infrastructure Managers and Railway
Undertakings—represented by their trackside and on-
board systems.

Due to the evolving nature of certain systems and gaps in
available information, key assumptions had to be made to
derive the requirements.

These requirements are the basis for the system definition
proposed in D2.2, D2.3 and D2.4, the system design in
WP4 and evaluation in WP5.
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Objective : Describe and analyse the operational scenarios

Operational Topological in order to identify constrains and provide
Scenarios Settings recommendations for the localisation on-board unit, with
a particular focus on the Start of Mission and Track

Selectivity

Juining Tmr:srtﬂ::LE:r:{tE!M|

React to Signal

* Operational scenarios in context of each

Shunting Blocked Signal Ovenmun . . J
Environmental Topological Setting.
Sl * Environmental conditions considered in the context
e of Operational Scenarios

Train Protection System
Disruption ——

“ R

“exhaustive list in Section 4.1.3

23/07/2025 17




on-boarditrackside view of trackside view of train FE

information validity in ETCS '.'acu:z E{%Ee position based on ETCS
SoM Position Report M position report (Packet 01
Msg. 157 trustworthiness or 4

valid trushworthy unambiguous

acknowledges position

rackside |does not ackn. positien

ETCS Start of
Mission

not
frustworthy }_’ unknown

»| frustworthy unambiguous
not

” unknown

trustwiorthy

unambiguous

unknown

ETCS Mission

Operational scenarios in context of each Topological
Setting.

trustworthy

ambiguous

—D| valid

h

nat

ETCS Start of frustworthy UnkmoWn
Mission -

trackside acknowledges position

nvalid

trackside does not ackn. position
not |
}—b unknown
trustworthy |

unambiguous

h

‘>| ETCS Mission trustworthy

ambiguous

not

. unknown
frustworthy

Please note: not all situations and implemeantation passibilities are shown due o complexity and clarity reasons

*) Al the begin of an ETCS Mission an LRBG may be dlassified 1o be not trustworthy until the train passes a new BG
and repons it as LRBG. Aferwards, the LRBG remains trustwarthy for the rest of this mission
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GNSS
reception

Shadowing

Tunnel
Bridges
Rail cut
Forest
Mountain
Canyons

IMU
accuracy

23/07/2025

Multipath

Plattforms
Roofs

Noise barriers
Mountain
Urban area/
large structures

Shock and
Vibration

Slab track
Switches
Oncoming
trains
Passing trains

Drift

Standstill and
motion

Zero point
offset
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Objective : Define an interoperable, interchangeable and upgradeable architecture of LOC-OB and the interfaces
to the CCS-OB system.

UNISIG concept for
CCS On-board

ETCS on-board RCA OCORA CLUG 1.0 Shift2Rail LWG

Define operational
concept

External interfaces
and high-level
architecture

23/07/2025 20




space Signal in space
nterface is defined in GALILEOD specification Inlerface is defined in GPS specification
i ]

* Input interfaces from external i .
systems: LOC-OB receives
information through these
interfaces.

e Output interfaces to external
systems: LOC-OB provides output
information through these
interfaces.

e Bidirectional interfaces from and

to external systems: LOC-OB s
receives and provides = e T

information through these e | [ | [ e [
,Ft i E L':_"_-, E [ ] o = = I E ¢ .: @
. o1 L o] |8 e
Inte rfaces o - E _ [TPR [Vehicie [Venicle m [Austomatic _n‘-.::--:-.:
Eurchalise [Insarmasian Resporsitle [CEserving Campasiten Compesitien Meverar: n Train Train [Met Time
----- T Astance] Dynamic] Static] ection] "' Operation] Protection] Syne]
Trackside Systems / Functions On-Board Systems / Functions
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Signal in space
riertace is dedned in GALILED specificaton nleriace is defined in GPS speciication

v v
Loc-0B

On-board Measurement

* The clustered functionalities, = LL ’ gty —
such as on-board Measurement, -1 [T prel fove
Integrity, Navigation, Map Data [~ o o || || P -

1 FoE

i
peED | | iMu

Hy
DE

Processing, Safe and Non-Safe s |— g |—

17T
l:l‘l_ll Multiple Data Faultt Detection & Excluslon

Information are provided as a —— o - » <>
guide and aid to enhance i B |

comprehension. ap Dt Processing ‘ X

* These functionalities are not
compulsory for the design or

implementation of LOC-OB as a
e
Egly: 3 | ':"‘P" D’*-__ 'SI:_c

Reposiony Tance [

iES

..........

)

Cold Train Intageity ATO ATF Tums Byne
L
= {’ w T
posomaze | | tauiomatic
voemars | | [Tram st Temn Train
Dutection] i e Diparatiss] Fritashi Sy

Trackside Systems | Functions 'On-Board Systems | Functions
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Objective : Define a set of requirements of an on-board localisation equipment (final product and not a demonstrator)

Safety criteria o Performance

Data specification

Lk

Black box approach

Mitigate biases from «J” Precise requirements

sensor knowledge
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= System Requirements defined in D2.4

o_©O :
.&. Design and V&V Teams

Q Feasibility Assessment
'-. Feedback & results

@ Future development of European
standards
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Since CLUG 2.0 is a research project with uncertainties and assumptions, its current requirements are meant
for a proof-of-concept and would need to be revised before use in an industrial project.

m Unstable user needs (e.g.

Undefined (not agreed) emagy Digital Map work in
—_— perception, ATO) CCS architecture B - - progress

System Requirements

Availability and definition @ @ Technc?logy readinfass of the sensors and
of supporting information techniques -> Achieve the performance

withing the safety objectives
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Z
>

£
>

Z
>

Cm (0.01 m) /
1cm

Cm (0.01 m) /
1cm
Cm (0.01 m) /
1cm

N/A

Depending on
the selected
technigue
(refer to
SpecSysReq[0
34])

23/07/2025

[0;16777214]

0 Reverse

1 Nominal

2 Unknown

0 Reverse

1 Nominal

2 Unknown

[0;4 294 967 294]

[0;4 294 967 294]
[0;4 294 967 294]

[0;16777214]

Depending on the
selected
technigque (refer
to
SpecSysReq[034]
)

Safety
related

Safety
related

Safety
related

Safety
related (used
to define the
rmax/min
train safe
front end)
Safety
related
Safety
related
Safety
related
Safety
related (safe
time
management

)

16777215

Unknown

Unknown

4 294 967 295

4 294 967 295

4 294 967 295

16777215

Depending on the
selected technique

(refer

SpecSysReq[034])

The 1D speed (along the track) dataset provided by LOC-OB shall include:
Movement direction
Estimated train speed
Underestimation train speed
Overestimation train speed
Validity timestamp

If the LOC-OB is not providing data at the defined rate, the LOC-OB is
considered as unavailable during this time.

Supported the launch of a proof-of-concept
campaign, with goals aligned to current performance
knowledge and assumptions about localisation data
safety.

Their evaluation in WP4 and WP5 will provide
valuable feedback on the feasibility of using
GNSS/SBAS and IMU for safe localization, based on a
subset of key WP2.4 requirements selected to
demonstrate core functions and real-word potential.

WP6 followed up with a gap analysis, contributing to
other European initiatives such as R2DATO and
informing future TSI definitions.

While achieving complete requirements is a key aim,
the research nature of the project means some
assumptions were necessary
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» Specify the Reliability, Availability, Maintainability and Safety (RAMS) requirements in line with the overall
SIL4 criteria of a railway embedded system to obtain a certifiable CLUG Localisation On-Board (LOC-OB)
System.

* Demonstrate that the CLUG LOC-OB functional system architecture and interfaces are in line with the
specified safety targets

e Consolidate the remaining work to be performed to obtain a certifiable localisation unit in the future.
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Operational context: ERTMS/ETCS with the introduction of the concept of an independent onboard vehicle
localisation component

=>» RAMS activities in CLUG2 follow the recommendations of the CENELEC standards, but only partially

Concept 1 Operation, maintenance, 44 ——t{ Decommissioning 12
performance monitoring
o
r A .
| System definition and 2 System acceptance 10 Pa rt 3 . RAM S
operational context .
. evaluation

Part 1: Preliminary
Hazards Analysis

L \', ‘\/ z Key:
] 3

Risk analysis
and evaluation

P Validation
Specification of 4 System validation 9

& | system requirements Validation task:

\ /

Part 2: Specific
RAMS analysis

Risk Assessment

Architecture & apportionment -
< > of system requirements 5 Integration 8 e
- -
N demonstration of
Ny compliance
Control of d Design and 6 2 with RAMS requirements
RAMS implementation = Manufacture Operation, maintenance and
requirements

decommissioning
To: Operation, maintenance and decommissioning

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|
- se . . !
LY Verification task: !
¥ |
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

23/07/2025 30




High Level System

e Part 1: Preliminary Hazard Analysis description
. . . WP2: System
* |dentify a list of RAMS requirements on the < . .es
Definition
system as a black box (from an external

point of view)

e Part 2: Specific RAMS analysis

. . Detailed System

* System Failure Modes and Effects Analysis description
: WP4: Design
* External Interface Analysis - p
an

* System Functional Safety Analysis Development
* RAM System Analysis

e Part 3: RAMS evaluation

* Synthesis of RAMS requirements and assessment relating to WP2 and WP4
* Way forward, remaining effort for an authorization agreement
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e All functions providing 1D data shall be implemented with a SIL4 safety level

For the functions providing 3D data, the user needs did not permit to conclude to a defined safety
level.

* For several input data of the LOC-OB, a SIL4 level is expected:
« CMD

e BTM
* Digital Map
» Reference point (LRBG)
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Architecture
* These analyses highlighted that a certifiable product based on a solution with a two chains
architecture is the best solution to reach a SIL4 target for an ERTMS operational context.
* Each chain shall be designed in SIL2, using hybrid sensors. The localisation data of each chain will
be then computed in a combiner
* The design of the combiner is a key point for the safety demonstrations of the system:
o It shall be designed and validated in SIL4

o It shall provide mechanisms to compare the results of the two chains, detecting and
eliminating errors

FDE mechanisms

* The necessity of Fault Detection and Exclusion (FDE) algorithms has been highlighted to reach a
high level of safety by detecting and isolating some failures on the input measurements as soon as
possible.

* An exhaustive analysis of all types of failures has been performed, including proposal of detection.

* Many of these mechanisms have been implemented in the LOC-OB prototype but they need to be
better characterised

* The expected THR level reached by these functions still need to be consolidated and validated
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Need for an EGNQOS for rail service

An EGNOS for Rail service is considered to improve the safety related to GNSS (considering a failure
rate of 2.4 10-6 per hour).

The EGNOS service is also considered necessary to achieve the safety of FDE mechanisms on the LOC-
OB system, for an architecture such as the one developed in the CLUG2 Project.

Certification of Kalman filter algorithm

The core algorithms of the CLUG2.0 demonstrator are based on fusion algorithms as Kalman filters.
SIL4 products including Kalman filter as a sub constituent already exist but the justification of such
algorithm is challenging and needs to be demonstrated.

For a future industrial certifiable product, it will have to be demonstrated that the design of this
function can reach a SIL2 or SIL4 level.
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Integrity risk

A detailed quantitative analysis was performed to study if

the integrity rate of the confidence interval can be |

reached by the combination of the results of both chains. A Ol A Witk P Safe n

This integrity rate is related to the size of the confidence = ——

interval, and thus the performance and accuracy of each /\

chain. Chain B: Cl_B with P_Safe B // \....___
In the architecture developed in CLUG2, the safe |

confidence interval provided by the combiner is the union * ”

of the confidence intervals of both chains. Thus, the

probability P_safe that the train is in the output

confidence interval can be deduced from those of each

Ch a | n as: Figure 4 — Computation of the Confidence Interval for a dual chain architecture

P_Safe = P_Safe A+ P_Safe B—(P_Safe A * P_Safe_B)

Thus, integrity rate can be adapted for each chain to its
performance to define the confidence interval.

It is worth noting that it is not necessary to have the same
probability expected for each chain
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LOC-OB High level functional architecture
candidates
Arnault Sfeir (Airbus)

<
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EGNOS DFMC
or
DEMC+PR+PV
Ground / Space
issemination

— Estimated data:
Trackedge, Reference Point,
Distance, Speed,

SAFE QUTPUT
(e.g. ERTMS)

GMNSS+EGNOS ANTENNA

+ INITIALISATION Acceleration, Direction & 1
GNSS+EGNOS UNI - O Orientation, Timestamp
S @ —a—— - &
£ g Integrity data:
IMU SENSOR £ Trackedge Confidence Status,
— A o3 s
c position, speed and
SPEED SENSOR > -E acceleration Min/Max
(&) -
20 Confidence Intervals
“ o
BALISE DATA y

Non-safe data: NON-SAFE
3D position, velocity, OUTPUT
acceleration and attitudes

ONBOARD DIGITAL MAP

Legend:
— Contlnuous!Dlscontlnuous link
Outside is standardizs

Mo safety level
Safety-critical leve
Safety catastrophic level

23/07/2025 39




EGNOS DFMC
or
DEMC+PR+PV
Ground / Space
issemination GNSS+EGNOS ANTENNA

—

v INITIALISATION
— NON SAFE
GNSS+EGNOS UN|1|-> : ¥ OUTPUT

GNSS

Chain 1
GNSS-SBAS I‘FDE
+IMU+Tacho B MU —>

+Digital map

TRACK SELECTIVITY
L 4
LOCALISATION
INTEGRITY

FDE

SPEED SENSOR SPEED

System Data Fault
Detection & Exclusion

SAFE QUTPUT
(e.g. ERTMS)

COMBINER
ENGINE

BALISE DATA

L] I.
I

E

ONBOARD DIGITAL MAP

Legend:
—p / = 4 Continuous/ Discontinuous link
Mo safety level no demonstrated THR & IR

Chain 2 S

Shape Heading = Safety-critical level: 1E-7/h<THR & IR < 10-6/h
SPEED SENSOR = Safety catastrophic level: 1E-9/h<THR & IR < 10-8/h

Map Matching (THR & IR cf IEC 61508)

23/07/2025 40




Legend:
advantage tag: no issue preventing a product industrialization

: potential issue or warning to be monitored, deeper improved and analysed, before product industrialization
disadvantage tag: major and challenging issue preventing product industrialization

Candidates Availability (Cl<MClI) Accuracy Computed Cl Integrity Risk (Safety Industrialisation & SIL
(estimated<x_sigma) justification)
Common to all architectures
Digital map at SIL Assumed available via assumed accurate via Assumed safe: Industrialisation de-risked by CLUG 2.0
4 producing initialization function periodic updates prototype and experimentation;
outputs at IR SIL 4 development: feasible as only in/out
<1E-9/h accesses to a data file (not a complex SW)

and already similar maps exist in SIL 4
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LOC-OB single / double chain trade-off

Candidates Availability (Cl<MClI) Accuracy Industrialisation & SIL

(estimated<x_sigma)

Computed Cl Integrity Risk (Safety
justification)
Optimized single GNSS chain at SIL 4

GNSS+SBAS When GNSS denied  Optimum thanks to tight SBAS IR<2.4E-6/h before EKF. Absolute Industrialisation de-risked by CLUG 2.0
sensor area, IMU high grade  fusion when biases are position IR at 1E-9/h after EKF is not yet prototype and experimentation;
and/or rare balises to corrected (e.g. time justified: SIL 2 level: Rail GNSS+SBAS unit deviations
ensure availability correlation, IMU bias...) 1) 1E-3 IR gap whereas only qualitative from aviation MOPS receiver (under ESA
demonstration was found on how EKF studies evaluation)
“improves” inputs’ IR; + Local environment to be detected by GNSS
2) to study further how IMU constrained and system FDE.
by the map contributes to absolute
position.
IMU sensor Continuous outputs  Idem, Optimum thanks to Outputs IR <1E-6/h already exist in Industrialisation de-risked by CLUG 2.0
via hot redundancy  tight fusion when biases aviation, not yet in rail. prototype and experimentation;
and FDE are corrected (e.g. time SIL 2 level: IMU IR <1E-6/h already exist in
independency correlation, IMU bias...) aviation, not yet in rail.
Speed sensor Contributes to the  Idem, Optimum thanks to Outputs IR <1E-6/h to be ensured via data Industrialisation de-risked by CLUG 2.0
(Tacho, radar...) IMU bias corrections  tight fusion when biases  FDE, e.g. slip & slide data FDE for tacho..., prototype and experimentation;
are corrected (e.g. time or via redundant different speed sensor SIL 2 level: granted by a speed sensor data
correlation, IMU bias...) outputs FDE or granted by redundant different speed
sensor
Nav. & Int. Optimum thanks to ~ Optimum thanks to tight Challenging as asynchronous and non- Industrialisation de-risked by CLUG 2.0
engine atSIL4,  asynchronous tight fusion when biases are deterministic data fusion 2 Complex prototype and experimentation;
Output IR< 1E-  fusion that sustains corrected (e.g. time qualification strategy SIL 4 level: challenging even EKF and all
9/h some missing sensors’  correlation, IMU bias...) algorithms are deterministic,

23/07/2025 outputs PUBLIC +SIL4 develc?pment is a.priori limjged to
simple functions.




Candidates Availability (CI<MCI) Accuracy Computed CI Integrity Risk (Safety Industrialisation & SIL

(estimated<x_sigma) justification)
Pragmatic two independent chains at SIL 4
GNSS chain: Nav. Optimum thanks to  Optimum thanks to tight Feasible at IR 1E-6/h following similar Industrialisation de-risked by CLUG 2.0
& Int. engine at  asynchronous tight fusion certification strategy as in aviation via prototype and experimentation;
SIL 2 producing  fusion that sustains simulations and tests in nominal and SIL 2 level: feasible as EKF and all algorithms
outputs at IR some missing sensors’ worst cases are deterministic and such type of algos have
<1E-6/h outputs been already certified at such safety level in
aviation at least
IMU Shape & Risk of large Cls on Anticipated less accurate Assessed feasible at IR<1E-3/h Industrialisation de-risked by 2 prototypes in
Heading map straight track sections,  than EKF, not tested in experimentation (by CAF & by SBB);
matching chain: that could lower CLUG2, under SIL 2 level: no identified issue to reach such
engine at SIL 2 global availability, experimentation in SIL level (deterministic algorithm).
producing even at IR<1E-3/h; not ERJU/R2DATO
outputs at IR tested in CLUG?2,
<1E-3/h under
experimentation in
ERJU/R2DATO
combiner at SIL 4 Risk of large Cls Expected because of mean 2-chain time interpolation and Cls union  Industrialisation de-risked by ADS prototype
producing because of 2-chains estimates from both are similar functions already implemented in experimentation for ERJU/R2DATO;
outputs at IR Cls union chains(not tested in in SIL 4 odometry systems SIL 4 level: Feasible algorithm as simple and
<1E-9/h CLUG2, under deterministic: 2-chain time interpolation and
experimentation in Cls union
ERJU/R2DATO)
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LOC-OB sample results focusing on GNSSscontributions
Gabriele Ligorio

Along-track localization, FDEs, Integrity and Track
Selectivity



Part 1: Prototyped functions
Part 2: LOC-OB sample results

focusing on GNSS contributions
(Domino test train trip #45)
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EGNOS DFMC

or
DFMC+PR+PV
Ground / Space

e —— -
GNSS+EGNOS ANTENN

( GALILEO )( GPS )
T "

Jissemination /
1 INITIALISATION
GNSS+EGNOS UNI r s
GN % =
w =
TOC R "r'; 2 TRACK SELECTIVITY
I MU SENSOR e su
£ 5
I SPEEDSENSOR | "o L LOCALISATION
SPEED) g @
a2 y
(=]
I BALISE DATA |-— INTEGRITY
SN 7

ONBOARD DIGITAL MAP

Estimated data:
Trackedge, Reference Point,
Distance, Speed,
Acceleration, Direction &

Orientation, Timestamp
e - T

Integrity data:
Trackedge Confidence Status,

position, speed and
acceleration Min/Max
Confidence Intervals

SAFEQUTPUT
(e.g. ERTMS)

NON-SAFE
QUTPUT

Non-safe data:
3D position, velocity,

acceleration and attitudes =

Legend:

= [ = P Continuous / Discontinuous link
Outside is standardized interfaces

No safety level

Safety-cr

Safety catastrophic level

tical leve
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GNSS+SBAS GNSS+SBAS

Map constraints Map constraints
Speed 7,4- Speed 7,4- Speed
sensor

MU sensor sensor Main features

@ @ @ L 3
@ l * Processing of asynchronous flow of heterogenous data;

v v . . .

S TN SN TN TN TSN TSN S NN S T * Extended Kalman Filter estimation framework;

(] (o] (] o @ [ ) e O ® ® - o o
* Validated GNSS, Speed sensor (e.g. tachometer), IMU input

Corrected IMU data
EKF estimated error d ata;

EKF prediction

* IMU is used for high-rate EKF prediction;

Validated IMU data EKF IMU-based prediction

ﬂ ﬂ EKF update

* GNSS and Speed sensor are used for EKF update;

* Virtual measurements are derived from railways

Validated GNSS data

EKF GNSS update

Full localization state constraints (track map, null lateral velocity, standstill)

EKF Tacho or speed sensor update —

Validated Tacho or speed sensor data

Balise data (optional) EKF Balise update (optional)

=
5=
S
o
gan
(4]
5
(=}
o
%
Track map data EKF Track map soft constraint b
(7]

EKF null lateral velocity soft constraint

EKF soft-contraints at standstill

EKF error based
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Null cross-track error constraint From 3D localization to 1D along-track localization

__________ &-—-/c
Node (end of Edge)
Node (start of
Edge)
X% can be seen as a virtual measurement to The track map has a fundamental role in transforming the 3D
be used in the EKF. localization output to 1D along track.
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Receiver

DATA FDE SYSTEM FDE
Front End

g £-r.y

* GNSS Data FDE acting at single line-of-sight * Implementation of EGNOS SF/DFMC/DFMC+PR+PV
level augmentation
e CNO: C/NO mask
e ELV: Elevation mask e System FDE involving comparison with the EKF filter states.
 DOP: code Doppler monitoring
e CSL: carrier cycle Sllp detector Values of probabilities of false alarms, missdetections and thresholds set in CLUG2
¢ CMC: code-minus carrier detector I (2 I
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System FDE (GNSS/Tacho):

* Compares expected vs observed measurements;

* Reject faulty measurements based on given Probablity
of False Alarm;

* Provides over-bound of possible missdetections on the
distance/speed;

Confidence Interval computation

* Fault free, GNSS faults and Tacho faults are considered

* LOC-OB output Cl = max of the three Cls
Note: WP5 results provide fault free Cl only because the GNSS and tacho
faulty CIs need further analysis, development and tuning (ERJU/R2DATO)

P(>Cl) < THR Cl : Confidence Interval P(>Ci) < THR
-«

Estimated Position True Position

Position error

| [
Distange along-track to reference point True distance along-track

¢]

= - 1 i
Minimum true distance_,; Maximum true distance
T
]

23/07/2025

»>

PFA_gnss System FDE (MHD)
=] | measurement == GNSS/Tacho
PMD_gnss Update metric for GNSS/Tacho data
— . Compute Threshold based on PFA;
Metric > Threshold
PFA_tacho Reject measurement;
Reset metric;
_ )
Metric <= Threshold
Update MDF based on PMD
PMD_tacho Inflate slope for GNSS/Tacho
—_—)
If measurement != GNSS Tacho
Update (reduce) slopes for GNSS/Tacho
sigma_EKF slope_gnss* MDF_gnss Slope_tacho * MDF_tacho

(from localization)
v

Confidence Intervals (distance/speed)

Cl_fault_free = k_fault_free * sigma_EKF;

Cl_fault_gnss = k_gnss * sigma_EKF + slope_gnss * MDF_gnss;

Cl_fault_tacho = k_tacho * sigma_EKF + slope_tacho * MDF_tacho;

Cl = max(Cl_fault_free, Cl_fault_gnss, Cl_fault_tacho)

PFA = Prob. of false alarms

PMD = Prob. of missdetections

MDF = Minimum Detectable Fault

k_XX = inflation factor for EKF covariance, function of THR

U




Probabilistic merge of

Along Track the outcomes from the
current track, .
Time position and SOI UtIO ns
Digital map velocity

Sensors Track Selectivity Determination

sub-function (T4.8)

@ 2

1/ GNSS carrier phase precise DetectedTrackiDy, Perry}
relative positioning based
solution

| .
| Carrier phase
| measurements,

| GNSS satellites ephemeris Track edge ID

GNSS sensor (T4.2) with
detection error
Gyro and accelero probability vs

I
[ |
| |
[ I
| |
| |
[ I
| |
\ 1
| I
[ I
[ I
| I
} IMU sensor #1 (T4.3) 1 2/ IMU based solution
I
\ I
| |
[ I
| |
[ I
[ I
| |
[ I
| I
[ I
[ I

[=e]
|
I
I measurements DetectedTrackiD,, Perra}
- : time and distance
| Decision N
: Effective sulvitch ) I - Fusion To Along Track
T el | command information 4/ Infrastructure information DecectedTrackiDy, Parry) (T4.6) and
(RBC) receiver } based solution Confidence
I Interval
I Balise ID o E e e aser DetectedTrackiDs, Perrs) computati?n
Balise reader (T4.5) } solution (T4.7) functions
I —— ' L_ _¥ Z_ _____________ N —

Multiple independent
solutions

23/07/2025

WP4

» Solutions 1/ and 2/ fully designed and
prototyped (with Decision fusion module)

e Solutions 1/ and 2/ estimate the new track
edge by comparing the track map with the
propagated train trajectory.

e Architectural interactions with along track
algorithm and Integrity functions designed

and prototyped

WP5
* Optional feature in CLUG2 post-processing

* Fundamental feature in CLUG2 live-demo
51




Track Selectivity, estimates and Cls when switching

T12
| Trigger of track selectivity >

T21
Track selectivity successful
Along-track localization Confidence Intervals Track Selectivity ’— Along-track localization Confidence Intervals
Trigger

T01 Status 2:

Status O: Status 1:
Safe but

suboptimal

Safe and
optimal

LOC-OB
initialisation

Initialization

Track Selectivity

Idle Fully operational Fully operational Triggered on Suboptimal operation Fully operational
3 3
Real travel direction
Real travel direction (known so far and very soon
(known) . unknown)
@ - O -
1 1 B

A B A
Node @ Pos estimated * 2 Node @ Posestimated 2
Edge _— Under.fwer Edge — Under/over

estimation estimation
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Track Selectivity J

Track Selectivity Along-track localization Confidence Intervals

Along-track localization Confidence Intervals

New
Operational Suboptimal operation Fully operational Return toidle 1P Eylly operational Fully operational
3 3
@ . ¢ 1
A B A B
Node @ Pos estimated ® 2 Node @ Pos estimated ® 2
Edge — Under/over Edge — Under/over
estimation estimation
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Part 2: LOC-OB sample
results focusing on GNSS
contributions (Domino test

train trip #45)

PUBLIC



——DFGPS L1/L5

Used number of satellites (PSR) — DF GAL E1C/E5a
[
. . |
{ |
Jf Y
IR
Ul
H ‘ E—Nsat
L J——FDESF
—— FDE ELV
Frequencies / satellites per epoch FDE CNO
I I I [ I
s {=—— FDE CMC
S ; ——=NO SBAS
3 —— FDE MHD

time_counts [s]

Ground truth absolute velocity KPI: Safe 1D localization parameters after first 60 s
100 Along track pos error mean (m) 0.93
= &0 Along track pos error 2-sigma (m) 2.98
E 60 Along track pos error inside 1.25m 95% (1s occurrences / total / %) 6651/ 13560 / 49.05
= 4':-" Along track pos error inside 4m 95% (1s occurrences / total / %) 13434 / 13560/ 99.07
a ) 1 I I 1 Along track speed error mean (km/h) 0.08
L i 10 - 1880 Iy ELLL) . Along track speed error 2-sigma (km/h) 0.48
Safe 1D localization parameters: CLUG2 MCE10m Along track speed error inside [1 5]km/h 95% (1s occurrences / total / %) 13553 / 13560/ 99.95
_:’f[ oo Along track pos half Cl mean (m) 7.88
Along track position error T GNSS Along track pos half Cl 2-sigma (m) 2.8
"\—H,Jf' i W JWMWJ”W%~ distance error Along track pos error inside CI (1s occurrences / total / %) 13560 / 13560 / 100
= .J‘\ A WJM WHMMM Along track pos Cl !n5!de 10m half-MCI 99% (1s occurrences / total / %) 12299/ 13560/ 90.7
- Along track pos Cl inside 60m half-MCI 99% (1s occurrences / total / %) 13560 / 13560/ 100
10 1\/""-'1_\'\¥'-"\\- R i, ot S VR e et i 0 it s e e o Along track speed half Cl mean (km/h) 1.69
e ] Along track speed half Cl 2-sigma (km/h) 0.72
o 500 1000 1500 2000 250l Along track speed error inside Cl (1s occurrences / total / %) 13560 / 13560 / 100
A Along track speed error E: i Gaiss Along track speed Cl inside [2 12]km/h half-MCI 99% (1s occurrences / total / %) | 13366 / 13560/ 98.57
\ N speed error GNSS DF GPS L1&L5 satellite (PSR) unavailability (%) 2.08
= 2 _fA'MJW 3 JM"W -~ B s ‘ GNSS DF GAL E1&E5a satellite (PSR) unavailability (%) 211
VE 0 LW AR ity 3 A ittt M AN S A APAIALA e A AN A A i € Mean number of DF GPS L1&L5 satellits (PSR) 7
= [\ ("WP\MWF—\WWMWW“WW‘ Standard deviation number of DF GPS L1&L5 satellite (PSR) 1
2 ' h \ | | i \ Mean number of DF GAL E1&E5a satellite (PSR) 5
0 500 1000 1500 2000 2500 Standard deviation number of DF GAL E1&ES5a satellite (PSR) 1
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Track edge IDs correctly selected in the
analyzed trip 47.19018 |- _
.. 47.19016 - Hypothesis 4 (True hypothesis) 1
Track edge decision takes usually less \ ——
than 2 seconds o . i
e Evaluation time HP3 vs HP4 7 -~ ———O—g ® LOC-OB trajectory\;'. |
: P —
During decision phase, old track edge - e | o L
ID is kept for 1D report = o Pt e
47.19008 Evaluation time HP1/2 vs HP3/4 / @ .r
e —————._ Q !
Track edge enables successful 47.19006 |- _— . 2
ypothesis
operation of the CLUG2 live demo, 4719004 L i
together with balise-based track edge
e ege s . 4719002 - ,*° .
ID initialization. . | | ‘ | |
7.241 7.2415 7.242 7.2425 7.243 7.2435 7.244 7.2445

longitude, deg

~_ | 1

x10%

o
\

Track Edge Id
B
|

[N
|

S

06:50 07:00 07:10 07:20
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T4.11 - Performance predictions in safe‘availabilityi(true
pos/speed/acc within computed Cl

and computed Cl < Maximum/required.€l)

A. Sfeir, P. Grandjean (Airbus)




(new items CLUG 2.0)

Confidence (illustration)
Interval A
Maximum L : 60 m ! 1 :
Confidence | 1 : =
Interval Satellite H . NI o ' Gy
Visibility : Masking G :,SS denied ! " 't&ﬂf'!!k'
Computed ‘. II E ’/,/-\\jk o
Confidence ' ! | o P e v &
Interval I ‘ | : » 2
: ’ T : : : p» Time / Position Multipath Interference *:smllin
Non-constrained Station (constrained) [ | Junction Network area Reflected Signal
N | L " = W
| i : : Direct signal
Open sky ! Buildings (Suburban — Urban) i Tunnel ! Open sky » GNSS context g
B User
* GNSS pseudo-range measurements availability
- Satellites visibility/geometry (number, elevation, dilution of precision)
- Masking and Data FDE exclusion (depending on environment — Opensky, Suburban, Urban)
- GNSS-denied areas (specific Cl model)

GNSS/SBAS errors and integrity models

- GNSS system error models : GPS/Galileo, i( and +PR+PV Confidence Interval algorithm
- GNSS time correlation model * Time correlation
- Local error models (depending on environment - 6 categories) *  Faulty Confidence Intervals (System data FDE)

* Dual-chain / Single chain architectures

* Combiner performance model
Management of SBAS Time-To-Alert: 6 seconds coasting e Shape Map Matching performance model

IMU, Tachometer and Track Map error models
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Cl performance prediction (new items cLuG 2.0)

Geographical / time / track direction sampling

Simulation of satellites in train reference frame

A 4
L elsomdipfogiobyiiomE

Environment.context ar-sk ! GNSS-hlenied

Models of masking & exclusion by Data FDE Sl Distribution of position half Cl for urban conditions with bound of 1 meter and 25% of exclusion
Half Cl distribution over
Available GNSS measurements - User locations in Europe
- Time (position of satellites)
' g - Masking an.d exclusion
Fusion algo, all sensor Error models, Track direction projection - Track headings
(DFMC )
0.041
Prediction of state covariance
Reachable
Fault-free (Safety factor IR ) Half-MClI
GNSS-SBAS chain Confidence Interval distributions 0.02f
99.9%
001k availability
Dual-chain ClI distributions
4 ||
-10 0 10 20 30 40 50
Statistics on Cl values @ THR 10°/h for 99.9% availability HArelmete®le yG 2.0 LOC-0B availability budget
is imn/2h i.e. ~¥99.2%
Reachable Maximum Confidence Interval
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Variable Architecture
Position < Single chain <
Speed < Dual chain <
Curvy
Average <
Straight

Reachable Half MCI Along-track Position
@99.9% availability, in fault-free + faulty Cl @1E-9/h

A

EGNOS

SF GPS
DFMC <
PR+PV <

Environment

Open sky <

Suburban

Light

Dense <

Urban

Light
Dense <
Canyon

GNSS denied

Balise every 5.5km

Open sky

Dense Suburban

Dense Urban

60 L g e PR SR 0
=
50 . PR+PV :
|
|
Along-track I
Position (m) No balise :
|
|
20 . :
| Balise every
(I R R I S U A e I I 500m
1 —
=l =l |
|
|
: GNSS denied
|
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& Straight Lines

0.06F

Distribution of position half Cl for urban conditions with bound of 1 meter and 25% of exclusion

| | | m availability
1l I"i"""llnim -

Half Cl distribution over

- User locations in Europe

- Time (position of satellites)
- Masking and exclusion

- Track headings

Reachable
Half-MCl

99.9%

Half CI (meters)

Reachable Half MCl along track Speed (at 50 km/h)

@99.9% availability,
A

12 e

10 +

Velocity T
(km/h)

in fault-free + faulty Cl @1E-9/h

No balise

Open sky

Dense Suburban

60
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A
e Scope of WP5, Cooperation with SBB on test trains and map data, data
collection, including test trips

* Data Flow, Tools, Data Processing, Ground Truth
e Data Analysis & Results

* Demonstrator
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The scope of WP5 was defined in the grant agreement as follows:

* Collection of field data from sensors using the system installed in the CLUG project
on a train in Switzerland, but with upgrades and optionally using an identical system
on a second train.

* Collection of map data from the network, on which the train operates.

* Generation of standardised raw data, map data and ground truth data from the
collected field data.

* Fusion of that standardised raw data, using tools from CLUG with upgrades, and

algorithms provided by WP4, to generate speed, position and other output data,
including safe confidence intervals.

» Design, development and installation of a demonstrator on the test train, with which
the data fusion algorithms provided by WP4 can be demonstrated in real time.
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A

* Collect of field data with the site demonstrator operating in commercial services, as ¥
well as in specific test runs scheduled to perform operational test cases.

* Analyse the performance of the offline generated data, as well as the data from the
site demonstrator, in regard to performance, availability and safety, considering also
environment conditions, that may influence the performance.
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All of these tasks have been performed, except testing of the demonstrator "in specifi
test runs scheduled to perform operational test cases".

This was due to the demonstrator algorithm not being mature enough at the date the
test trips have been scheduled. Data for offline processing has however been collected
during these tests and subsequently analysed.

On the other hand, the option of equipping a second train has been realised, which
created significant benefits.
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-

SBB not only provided access to the commercially operated Domino train, which was”
already used in the frame of the STARS and CLUG projects, but proposed to

also equip a second train, which is used in commercial operation on the S-Bahn

Zurich.

* The option in the grant agreement to equip a second train was therefore realised, as
a train operating on the S-Bahn Zurich allowed testing also in much more urban
areas compared to where the Domino normally operates. The core of the network of
the S-Bahn of Zurich consists of multiple lines crossing the city, which also include
long tunnels and underground stations.

* Equipping a second train however also generated redundancy for data collection in
case one of the trains would be out of service for some time for whatever reason.

* Providing the trains also included support for the installation of the equipment in
maintenance depots, which not only involved staff from SBB Infrastructure, which
managed the CLUG 2 project within SBB, but also from other divisions or units,
which e.g. own, maintain and operate the trains.
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 The Domino train, which was already use
for the STARS and CLUG projects, was again
used in CLUG 2.

~ * This not only saved a lot of cost, but also
~allowed testing of sensors, algorithms and
configurations nearly from the start of the
project, and therefore also reduced project
risks.

* Most updates required for CLUG 2 could be introduced into the existing installation
as soon as they were available, and also during regular, scheduled maintenance
slots, or even when the train was in service, with no need for re-certification.

* The only exception was the exchange of one of the broadband GNSS antennas with
another type, but even this could be done during a regular maintenance slot, and
the antenna was already in the approval process at SBB.
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* The Re450 locomotive of the first-
generation double decker trains of the S-
Bahn Zurich was chosen as the second test
vehicle, as:

* the Re450 also has a baggage compartment,
which are not used anymore in operation,

* the Re450 is even more challenging from a
traction system point of view than the Domino.

* No existing infrastructure could however be re-used from previous projects, except
some spare equipment, so installation and certification was a significant effort.

* To minimise the down time caused by the installation, a locomotive was chosen
which was scheduled for major maintenance, in which the necessary removal of the
boogies and the roof of the locomotive was anyway planned.
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the Re450 started m
November 2023,
which was only 10
months after the
start of the project.
This is fast when
considering all the
work which had to
be done, including
design, stress
calculations,
manufacturing,
installation, safety
approval etc.
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4
One of the main advantages, but also a major challenge of the CLUG 2 project wasw
that testing was performed on commercially operated trains.

Both trains are part of larger fleets, and are therefore operating on a large variety of
lines. Where they operate could not be influenced by the CLUG 2 project and
changed daily.

SBB therefore provided map data for the full 5’000
km of the Swiss standard gauge network, including
lines from other infrastructure managers.

This data had to be processed, which included
error corrections, restructuring and conversion to
a format usable for the sensor fusion algorithm,
and this had to be repeated with every update
received during the project.

Schweiz Suisse Svizzera Svizra Switzerland
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* Thanks to using two trains operating in commercial operation, large amounts of data
could be collected in a very broad spectrum of environments.

* Using the second train has permitted data collection in commercial operation also in
a more challenging, urban environment.

e Equipping a second train as fallback has unexpectedly
proven useful, as the Domino train hit a car on a level
crossing (nobody was hurt), which resulted in several
months of down-time to perform repairs.
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* While a lot of data could be collected during commercial operation of the trains,
these are always performed within a certain envelope.

* Extreme cases, such as massive slip and slide, emergency brake applications,
stopping for extended times in tunnels etc. however rarely occur in commercial
operation.

* To also analyse the behaviour of the positioning system under such cases, three days
of dedicated test trips outside commercial operation have been performed with the
Domino train.

 The Domino train was chosen for these trips, as it is equipped with ETCS Level 2, and
also has a smaller train gauge than the Re450 double decker train, allowing testing
anywhere on the Swiss network.
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4
* The dedicated test trips took place on the 25.-27. March 2025 and were schedulegw

with a focus on lines with GNSS denied areas, or areas where GNSS reception is
severely impacted by the environment, such as mountainous and urban areas.

* They covered nearly 1000 km, of which around 300 km were in tunnels, including
the Gotthard Base Tunnel with a length of 57 km, and two crossing of the city of
Zurich, with multiple stops in underground stations.

* The trips included many test
cases, including emergency
stops outside, inside, or when
entering tunnels, provoked
slip/slide, low speed driving
on canted track, including
through crossovers etc.
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* High Accuracy Requirements

* GT must be significantly more accurate than the system under test (e.g. £0.25 m
for validating £1.25 m requirements)

* Complex Sensor Integration

* Requires fusion of GNSS, IMU, balise data, odometry, and track maps — each
with its own limitations and uncertainties

* Environmental and Operational Constraints

* GNSS shadowing, sensor latency, map inaccuracies, and real-time availability
affect GT quality and reliability
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IMAR-GT SMO-GT

Data Basis Real-time GNSS/INS with ring laser | Post-processing using balises, wheel
gyros and servo accelerometers sensors, and track data
Strengths * High-precision 3D position, * Track-referenced positioning
velocity, and attitude * Balise-based localization
* Real-time capable * Flexible configuration

* Independent of track data

Weaknesses * No track reference * No real-time capability
* No distance to infrastructure * Dependent on balise and map
points accuracy

* Sensitive to GNSS shadowing * 3D velocity and attitude data only
indirectly available
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CLUG2 - Toolchain for Ground Truth Generation

SBB
Map
Data

Config

Trips

Track2Graph

.MAT Files

Create CSV-

(incl. Speed-Plot)

_ o :
(Node Edge
Model)

Conversion of the SBB track data into the format specified in
D4.10 Map Data and D5.2 Raw Data
Creation of a closed node edge model

Detection of faulty track or balise information

Calculate Initial
Ground Truth

Analyze
Ground Truth
(iIMAR-GT vs SMO-

Gt)

Calculate
Improved Ground
Truth
(Balise Exclude +
Force/lgnore Edges }

Analyze
Ground Truth
(iMAR-GT vs SMO-

Gt}

Ground
Truth

Balises
1o
exclude

Map iMAR Data
on Track based
on Route File

Compensate
Misalignment for
Attitude and 3D
Velocity

(iMAR-GT)

Ground
Truth

Create Route File
for Reference
Point

Merge Ground
Truth
(iIMAR-GT vs SMO-
Gt}

e e ]

Create Statistics
for Verfication

Plots

Stats.

One execution for all trips,
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CLUG2 - Toolchain for Ground Truth Generation

One execution for all trips,

* Creation of the required field sensor data including iMAR-GT

Config
Se— e Creation of speed reference:
Wt (Node Eaee * Based on two tachos and an optical sensor

SBB

Viap — * Includes slip and slide detection and quality estimation

Data

|
|
| |
| |
| .MAT Files |
| |
| |
| - |

Config : :
| Calculate Compensate |

Analyze Analyze . o . Merge Ground
| Create CSV- M MAR Data Misal t fi Create Route Fil |
| fes Calculate Initial Ground Truth Ll T LI Ground Truth H=t m_a e S Truth M Create Statistics
Export . Truth . on Track based Attitude and 3D for Reference . .
| . Ground Truth (iIMAR-GT vs SMO- . [iIMAR-GT vs SMO- ’ . . (iMAR-GTvs SMO- [l for Verfication
| (incl. Speed-Plot) &) (Balise Exclude + Gy on Route File Velocity Point &) |
: Force/lgnore Edges ) (iMAR-GT) :
Trips | |

| |
: o v L. k. 4 :
I Balises . Final |
I .CSV Files Ground Rout Plots . Ground Route Plots Ground Ground Final Ground | Plots
I Truth oute Stats o Truth Stats Truth Truth Route I Stats.
| exclude Truth
| |
| |

e e ]

23/07/2025 30




CLUG2 - Toolchain for Ground Truth Generation

One execution for all trips,

I One execution for each trip |

C—fg * Analysis of the generated SMO-GT i
| * Compare with the created iMAR-GT i
L (Node Edge * Detection of invalid balises and faulty paths of the SMO-GT i

|
|
.MAT Files |
|

|
|
|
|
|
|
|
|
| 03 SMO-GT vs iMAR - Speed Delta (Mean = -0.003m/s @Balise)
| ; T T Delt
| 02 Balise-Passed
Analyze

| Create CSV- o J
| Export Calculate Initial Ground Truth 01 | 7
| Ground Truth (iMAR-GT vs SMO- Ly i e ol i " Ll

incl. 5 -Plot z 0 UL e, Wi o o o |
: (incl. Speed ) G 0 : s t.,”m : ﬁfﬁﬁﬁ\m’?ﬁ”ﬁiw ‘-Mﬁ‘ﬁm s g'jv
| E 01— i B
' S
| = 02— -

o y L B 03— —
! 2
| Balises 2 o4l —
| .CSV Files Ground Plots 04
| Route to

Truth Stats 05— ! I
| exclude
I S 06— _
|
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o7 \ \ \ ! \
12:00 12:330 13:00 13:30 14:00 14:30 15:00
77777777777777777777777777777777777777777 Time Mar 27, 2025
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Ground Truth Generation

CLUG2 - Toolchain for Ground Truth Generation

Track2Graph

SBB
Map
Data

Create CSV-
Export

e ———

(incl. Speed-Plot)

(Node Edge
Model)

One execution for all trips

* Update of the SMO-GT based on the created analysis results
* 2nd analysis of the SMO-GT with compare to iMAR-GT

One execution for each trip :

Calculate Initial
Ground Truth

Compensate
Misalignment for

Calculate
Improved Ground

Analyze
Ground Truth

. Truth . on Track based Attitude and 3D for Reference .
(iMAR-GT vs SMO- . (IMAR-GT vs SMO- . . . (iMAR-GT vs SMO-
&) (Balise Exclude + Gy on Route File Velocity Point &)
Force/lgnore Edges } (iMAR-GT)

Analyze
Ground Truth

Merge Ground

Create Route File
Truth

Map iMAR Data
ap il a Create Statistics

for Verfication

e ]

~Q

= C

S E

= 3

o

| I

iPositionHorizontal(GT-IMAR) m]

=g 8 -

23/07/2025

‘SMO-GT vs IMAR - Horizontal Position Delta = 0.43m @Balise | Mean = 0.24m, Max = 17.75m for NumSy > 12) .
: e o
| | 1L Final
] inal Plots
‘ oute Ground Stats
| I | | Truth :
| L | I
I | | | | | e === ==
A | ."F ‘ i | 'l .w‘
* (R | B T A I\ Wy 1f-———"""""""""
\'!'\.. I i <‘|I‘-" .‘If‘-‘ | A ’I: ||| | | I“'I',L iF‘\_!. A'l » |u"|
LR SR AT AT PR PSP VAN YA A1 7T R T L i
1 (i ['N fﬁ'. r.‘,;r ‘ﬁ‘n *“I" E.fv.'\ | Wl -JI»“\,L-.;”, i v." l‘lf‘.wl '.\,5 { \ I‘ it uw Pl
0530 0845 a0 ) i o715 w3
Tima Mar 14, 2025
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Ground Truth Generation

CLUG2 - Toolchain for Ground Truth Generation

One execution for all trips

* Misalignment of iIMAR data is compensated for 3D velocity

Config
— and attitude angles
Track2Graph (Node Eoee * iMAR position is projected onto the track data to reduce

o — across-track error

Data

—F—_———— e e e e e e e e e e e e e e e e e e e e e e e e e e e e e —

e One execution for each trip :
.MAT Files ‘
Config }—

Calculate Compensate
Create CSV- Analyze Analyze Map iMAR Data Merge Ground

Improved Ground Misalignment for Create Route File

|
|
|
|
|
|
|
|
|
|
Export Calculate Initial _Ground Truth i _Ground Truth on Track based Attitude and 3D for Reference : Truth M Create Stamftlm
. Ground Truth (iIMAR-GT vs SMO- . [iIMAR-GT vs SMO- ’ . . (iMAR-GTvs SMO- [l for Verfication
(incl. Speed-Plot) —_ (Balise Exclude + — on Route File Velocity Point &) |
- Ccmplu Pitch - IMAR-GT vs SMO-GT (Misalignment = -0.077 D_.'u) R R limn‘m :
|
|
- |
|
d | [ . i |
s H( : . e ;JL 1! J Lf. # ,V\ ‘ Ground Ground Final GFlnaId | Plots
[ f " | | | | \
[“ A [ A | o v H A b e Y " i L Truth Truth Route roun I Stats.
¥ | L | | Truth |
W 4 [
A |
06 08 W‘l e 00 . m: 30
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CLUG2 - Toolchain for Ground Truth Generation

One execution for all trips,

e e ]

|

|
[ |
| conti * Reference point of iIMAR-GT and SMO-GT is shifted from the |
—— . . . . |
i Se— balise to Bogie #1 to be consistent with the LOC-OB output |
a |
i Wt (Node Eaee * Route file is generated for the reference point at Bogie #1 |
|
I ;
| Data |

| e e R L
: : — One execution for each trip | i
| B : |
| | .MAT Files I :
I I | I
I I | I
: Config : : :
: : Analyze Calculats Analyze . C or-npensute . Merge Ground : :
i i c":it:::v_ Calculate Initial _Gmund Truth Impro::jt:imund _Ground Truth n::#::::l:’az:t: h;:;lfdr::::t;;r cr::rt:;::::::h : Truth i Create Staﬁaftim :
I I (incl. Speed-Plot) Ground Truth (iIMAR-GT vs SMO- (Balise Exclude + [iIMAR-GT vs SMO- R Velocity Point (iMAR-GT vs SMO- 1 for Verfication :
— Gt) Gt} Gt}

: : Force/lgnore Edges ) (iMAR-GT) : :
I Trips | | I
| | | |
i i .(:_SV_HI;s Ground Plots Balises Ground Plots Ground Ground Final Final i Plots i
: : Truth Route Stats ex;‘l de Truth Route Stats Truth Truth Route GTr:)ullr;d : Stats. :
| | | |
' |
| |
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CLUG2 - Toolchain for Ground Truth Generation

One execution for all trips,

SBB
Map
Data

Config

Trips

Track2Graph

.MAT Files

Create CSV-

(incl. Speed-Plot)

_,__M_ap_ -
(Node Edge
Model)

iIMAR-GT and SMO-GT are merged into CLUG2-GT

* iMAR-GT as baseline; track parameters filled with SMO-GT
Gaps are filled using the respective other GT source where possible

Validity of the data is checked and set accordingly

Calculate Initial
Ground Truth

Analyze
Ground Truth
(iIMAR-GT vs SMO-

Gt)

Calculate
Improved Ground
Truth
(Balise Exclude +
Force/lgnore Edges }

Analyze
Ground Truth
(iMAR-GT vs SMO-

Gt}

Ground
Truth

Balises
1o
exclude

Map iMAR Data
on Track based
on Route File

Compensate
Misalignment for
Attitude and 3D
Velocity

(iMAR-GT)

Ground
Truth

Create Route File
for Reference
Point

Merge Ground
Truth
(iIMAR-GT vs SMO-
Gt}

e e ]

Create Statistics
for Verfication

Plots

Stats.
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* Combines Strengths
* Merges iMAR-GT (real-time, 3D motion) and SMO-GT (track-referenced, balise-
based) for a comprehensive GT solution
* Minimizes Weaknesses
 Compensates GNSS shadowing (iMAR) and lack of real-time data (SMO) through
intelligent fusion
* Improves Accuracy and Availability
e Reduces uncertainty through cross-validation
* Increases availability without compromising reliability
* Ensures consistent data quality across diverse environments
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Test Train(s)

WP5.1: Raw Data Collection Systen + WP5.3: Data Collection

Office

WP 5.3: Data Collection

— Shared Database
for input data, as
_“\ well as results

WP 5.4: Data Post Processing

WP 5.5: Data Analysis

Sensors
Radar #1 » NI System ’ 3 |
L |Radar #2 _ | ‘
b _ ~—
Tacho #1
UTC
L_|Tacho #2
Optical
Sensor >
Eurobalise _
Data .
IMU
GNSS/INS
GNSS Rec. #1
GNSSRec. #2 [ )|
GNSS Rec. #3 [l Dedicated
»| Recording
System
Camera T 1
Site
Demonstrator
Continuous or manual recording

23/07/2025

Matlab Simulation Environment

Mass Data Simulation

Prepare Trip
simulation

Data Analysis Tool

Graphic Plots

Mat2Csv — |
Export csv |

EGNOS data

(EDAS, ADS),

weather data
etc.

Automatic execution after data download

WP 5.1:|Ground Truth Generation

v

Convert & Save
Results

Ground
Truth
Generation

Track Map
Database

Supplied by SBB

Semi-automatic execution after data
download

FDE
_ Database

Supplied by
WP 4 WP 4

Supplied by

Semi-automatic execution

v

Statistics

Semi-automatic execution




WP5.1: Raw Data Collection Systen + WP5.3: Data Collection

F T BT on both vehicles
' T ensures continuous data availability

| frochor2 in operation:
i (reused from STARS + CLUG and extended)
o * Continuous acquisition of sensor data (e.g., radar,
S = tachometer, camera, IMU, Eurobalise)
MU _ units:
o ' * Focused on demonstrator data and it‘s visualization

— : Provide a high-precision, synchronized data
foundation for analysis, visualization, post-processing,

| i and public demonstration

Camers -
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WP 5.3: Data Collection

——

¢ Manual or automatic from the trains

Decoder
l The decoding steps includes:
Mat2Csv * Extraction of field data and decoding of raw data formats,

e - —t
Export

EGNOS data

(EDAS, ADS),

weather data
etc.

Automatic ehocution aftor data download Enrichment with
WP 5.1:|Ground Truth Generation o EGNOS data (EDAS’ ADS)
 Weather data
[ oo J e Geolocation and site-specific information

Truth
Generation

e Conversion into a unified data structure (MATLAB object)
e Storage in a centralized data management system

Generation of the

Data is transformed into the standardized

! format as specified in

Supplied by SBB

Semi-automatic execution after data
download
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WP 5.4: Data Post Processing

Matlab Simulation Environment

* Docker container provided by ADS
smon || 1. allow quick container replacement
-+  FDE and LOC-OB run inside Docker containers
environment supports parallel runs
Comr 5 based on available compute resources

e Data is stored in SMO'’s central Data Management Platform

— ‘ ‘ and made available for further use
[ | LOC-OB navigation solution is available for the
supplieby - supplied by analysis and test.

Semi-automatic execution
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WP 5.5: Data Analysis

Data Analysis Tool L IVI Od u I a r

* Toolchain consists of multiple modules analyzing trips by key LOC-
OB output parameters:

* Speed, Distance, Position, Confidence Intervals

Graphic Plots

Statistics

* Flexible
* Automated analysis across:

* Mass data, individual trips, specific events, locations, weather
conditions, test criteria

Comprehensive Output Generation

* Enriched with additional statistics and visualizations for in-depth
performance evaluation

* Plots, zoom views of events, statistical summaries, structured event
lists

Semi-automatic execution
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Test Train(s)

WP5.1: Raw Data Collection Systen + WP5.3: Data Collection

Office

WP 5.3: Data Collection

— Shared Database
for input data, as
_“\ well as results

WP 5.4: Data Post Processing

WP 5.5: Data Analysis

Sensors
Radar #1 » NI System ’ 3 |
L |Radar #2 _ | ‘
b _ ~—
Tacho #1
UTC
L_|Tacho #2
Optical
Sensor >
Eurobalise _
Data .
IMU
GNSS/INS
GNSS Rec. #1
GNSSRec. #2 [ )|
GNSS Rec. #3 [l Dedicated
»| Recording
System
Camera T 1
Site
Demonstrator
Continuous or manual recording

23/07/2025

Matlab Simulation Environment

Mass Data Simulation

Prepare Trip
simulation

Data Analysis Tool

Graphic Plots

Mat2Csv — |
Export csv |

EGNOS data

(EDAS, ADS),

weather data
etc.

Automatic execution after data download

WP 5.1:|Ground Truth Generation

v

Convert & Save
Results

Ground
Truth
Generation

Track Map
Database

Supplied by SBB

Semi-automatic execution after data
download

FDE
_ Database

Supplied by
WP 4 WP 4

Supplied by

Semi-automatic execution

v

Statistics

Semi-automatic execution







Methodology — Documentation flow

CLUG2 D2.4

System Requirements

CLUG2 D5.2.2
Test Plan

CLUG2 D5.3
Analysis Report

23/07/2025

Requirement coverage
Iterative test process
Test configurations
Definition of the
content of the analysis
report

e Description of analysis
tool chain

* Trip analysis overview

* Detailed analysis of
specific cases

e Statistical analysis

* Requirement fulfillment
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Algorithm configuration:

Routing file / Track
Test Conflg ID
Selectivit

DFMC Routing file
C03 DFMC+PR+PV Routing file
Cc09 DFMC Track Selectivity

Sensor configuration:

* Speed sensor: HaslerRail odometer pulse generator, also called «wheel tachometer»
* GNSS receiver: Septentrio Mosaic-X5, supporting GPS L1, L2c, L5 and GAL E1, E5a
e IMU: ADIS 16545
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A 4

Spreadsheet

CLUG2 Sensor
Fusion Analysis

A 4

Ground
Truth Plots

[ 4

* The spreadsheet contains performance indicators based on requirements
e Spreadsheet and plots are inputs for the manual analysis
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Vehicle

Start UTC

End UTC

Journey

-

4 favorable trips from
regular commercial
operation

3 specific CLUG2 trips
with typical
environmental conditions
for Switzerland

45 Domino 14.03.2025 06:28:00 07:28:00 |Yverdon-Fribourg C01

C03

C09
46 Domino 14.03.2025 05:30:00 06:27:00 |Fribourg-Yverdon Co1
47 Domino 14.03.2025 07:30:00 08:28:00 |Fribourg-Yverdon Co1
58 Domino 14.03.2025 15:30:00 16:40:00 [Fribourg-Lausanne Co1
49 Domino 25.03.2025 08:40:00 11:00:00 [Biel-Arth-Goldau Co1
57 Domino 27.03.2025 12:15:00 15:00:00 [Effretikon-Biel Co1
78 Domino 27.03.2025 09:17:00 10:20:00 [|Altdorf-Sihlbrugg C01
73 Domino 25.03.2025 12:00:00 13:50:00 |Arth-Goldau-Biasca Co1

Co03
77 Domino 27.03.2025 08:00:00 09:15:00 |Bellinzona-Altdorf Co1

C03
79 Domino 27.03.2025 10:22:00 11:45:00 [Sihlbrugg-Effretikon Co1

1L I7 T1

23/07/2025

3 challenging CLUG2 trips
with tunnels and/or
urban environment

97




Biel/Bienne to Arth-Goldau

Duration: 2:03

Distance: 136 km

GNSS: 2 longer tunnels along the
track, few more short ones
Weather conditions: dry, no
snow on the rails

Configuration: CO1
(DFMC+Routing file)

23/07/2025
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Distance Delta (m)

1D-Distance delta between LOC-OB and GT:

* 96.59% within the +/- 4m-limit (better than the required 95%)

o 73.48% within the +/- 1.25m-limit

23/07/2025

6 -
4 L
2+ .
= ml - !ﬁll l
0r -
r —h Iy { i
2 ! : v |
-4
-6
09:00 09:30 10:00 10:30
Time Mar 25, 2025

Lirnit 1.25m(73.48%)
Lirnit 4m(86.58%)

Distance Delta

&
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Fault-free Confidence Interval for the 1D-distance:
e 100% within the 60m-limit
e 74.7% within the 10m-limit

Confidence Interval (m)

-10

-20

M
o
T

10

09:15 09:30

23/07/2025

09:45 10:00
Time

10:15

10:30 10:45
Mar 25, 2025

LOC-0B computed Cl

Distance CI Limit 10m
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|
1D-Speed delta between LOC-OB and GT: W
* 98.98 % of the data points within the specified limits = better than the required 95%
* Speed error exceeds the computed Cl for 0.03% of the datapoints

=4

= |
E 150 —
— »
B 1001 —
a LOC-OB speed
© s0r- .
— ® LOC-OB speed out Cl
0
I o | | I | -
09:00 09:30 10:00 10:30
Time Mar 25, 2025
5 -
' Delta LOC-OB - GT speed
LOC-0B speed Cl
L . LOC-OB speed out Cl (0.03%)

— | —B b | | o

L o I Speed error limit

E | u LOC-0B speed out limit { 1.02%)

B WIT L — [ L BE—

| | i | | ‘
09:00 09:30 10:00 10:30

Time Mar 25, 2025
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138—

136—

134 —

132—

(abs) Speed km/h]

Tacho speed
Optical sensor speed

e Doppler Radar speed —

130
m— Ground Truth Speed

LOC-OB speed

128

L] LOC-OB speed out Cl

o = | | I | ]

09:22:46 09:22:48 09:22:50 09:22:52 09:22:54 09:22:56 09:22:58 09:23:00 09:23:02 09:23:04
Time Mar 25, 2025

LOC-OB Speed shows a deviation of ~ 2km/h for ~ 2 seconds compared to

wheel tachometers and other sensors, leading to a speed error outside the Cli
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Operational surroundings:

* “Stop” for each sample within £ 500 m where the reference velocity v < 0.1 m/s

" everywhere else

° llopenl

Stanford Diagram of Position Error for Stop

100 7
- == safety /
------ availability R4
. Vg
80 1 v
7
—_ 7
E 1. 7
604 Vil
‘E safe, unavailable: 19.2 L;péafe, unavailable: 0.13
E 7
g 7
o< 7
o)
o
]
unsafe, available: 0.0
I | I
40 60 80 100
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Position Error [m]

© Standord plots created by SBB

10°
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10!

10?

sapdureg

Confidence Interval [m]

Stanford Diagram of Position Error for Open

100 7
—-= safety ya
----- availabili 7
ty Y
80 safe, unavailable: 0.2 unsafe, unavailaye( 0.00
- 2
7
60 Lo /../ ......................
1/'
‘/
7
7
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40 60 80 100

Position Error [m]

10°

102

10!

10°
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Confidence Interval [m/s]
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Stanford Diagram of Speed Error for Stop
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I availability 7
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8 1 7
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.. ':c;. ..................................................
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I I I I 1 1

0 2 4 6 8 10

Speed Error [m/s]

© Standord plots created by SBB
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Stanford Diagram of Speed Error for Open
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* The LOC-OB (single chain architecture) performs adequately for its
intended purpose, with most of the key requirements either fulfilled or
nearing fulfillment

* Requirements for distance at operational surrounding «Stop» defined in
CLUG2 (accuracy < 1.25m and confidence interval < 10m) remain
demanding

* Even in challenging urban and mountainous environment, the LOC-OB
maintains good performance in line with railway operational needs
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* One of the major additions in CLUG 2 compared to earlier projects was the
development of a real time demonstrator to be installed on one of the test trains, in
addition to the offline processing of sensor fusion.

* The demonstrator was planned as functional demonstrator, and is therefore based
on commercial, off the shelf components:

* an M-COM module from the SMO rolling
stock division, which is used to collect and
time-stamp all sensor data,

* a high performance, linux based embedded
computer to perform the actual sensor
fusion, and

* aseparate, embedded computer to collect
both synchronised sensor data and sensor
fusion results for later analysis.
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¢ Th e d emon St ratO IS CLUG2 — On-board data flow for online demonstration and offline processing

built as a modular
Sensors on train Recording for offline processing
L] L]
S St e l I l e r I I l I tt I n Middleware for sensor data synchronization Online sensor data fusion
) NI-Measruement System
. ODO-DAQ.
re C O r I n g O ra W a n Septentric SMO Sensor Data Acquisition (M-COM) X2Rail-5 On-Board Demonstrator (Mini PC) eezTous
P Msg
Aux2Aux Aux2UDP  UDP upp X2Rail5 - Application AuX2UDP  UDP. ¢
: 55D
syncnronised sensor . PSRN
Sorting E g
———p Msz2Aux 4 2 happens!
Sensar E
a a a S We a S Latancy g Recording of online data stream
) EPMh—t———  Msg2Aux L
. S SMO Data Recorder (RaspPi)
algorithm outputs -
Queue
. WIGD upP
Decoder [ I 1
Wig1 (NT;::sk:lEg:‘s Configuration Enginezring upp UDP2Aux
° Decader I3 Balies Pasitions] Data
£
* This even allows , tooaise (> eathn f t f
Decoder $SD e Handler
: Time
p a ra e eXe C u t I O n O CLUGZ On-Board Demonstrator (Mini PC) SsD
CMD/CTRL
I - I I - h Balise uop CLUGZ - Application Aux2UDE  UDP
multiple algorithms :
p g ) UDPZAux "S‘Igi‘siig; E L WT:;;?E Online visualization
: 4 H happens!
e . g . ro l I I - a I fyodl 5 SMO Visualizer (Mini PC)
Replay for offline simulation L — Virtual Machine
H
and CLUG 2 : =
Simulation Environment Queve uop U
o [ I 1
Data flow legend: Track M
Data rack Map
Handler AEIUDER Pt (Modes, Edges, Configuration Eng;‘:t:”ng UDP ‘
= Sensor specific Balies Pasitions) Online
he visualization
- uop - . .
= AUX 55D sD-Card
— _» =TDMS
— = Internal

it

Decoding / Workfiow C

FPGA Control

Decading / Warkfiow Cantr




* A tool was also developed to visualise the data generated by the demonstrator in
real. This tool runs on a PC onboard the train, which is part of the data collection
system, but it can also run on any other computer connected to the demonstrator
via the onboard network, or even via remote.

Stream ai Stream Status
processor display display . Browser

upp cllent MQTT Client

> History — Browser
display

Client

g Log display
-

Grafana

recorder visu

Data source

Cycllc
database

Aux flles

B Log files

InfluxDB

Client
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* Key goal of the demonstrator was to show that the fusion algorithm
used for offline data processing can also be used onboard the train in
real-time and shows comparable results.

* This could be confirmed, even though the algorithm used in the
demonstrator did not include all elements of the offline demonstration,
e.g., the use of EGNOS data for dual frequency / dual constellations, or
some track selectivity elements.

* As no on-site visit of the demonstrator could be organised, we recorded
the output of the visualisation tool together with a video from the cab

of the train.
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CLUG 2.0 Final Conference
Eric Ziese - DBN
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 CLUG 2.0 only considers safe localization solution
—>Scope of CBA is limited only to onboard localization, odometry systems & balises

Group 3 Group 4
Group 1 TRAIN OPERATION SOCIAL BENEFITS

Quantified in Localisation
CLUG 2.0 CBA ‘ Loe08U Capacity increase Climate Change
0C°_ TMS Improvment Rail sharing
Balises Energy Savings Higher Quality
ATO contribution Time savings

23/07/2025 113




Cost transfer from
trackside to onboard

- Equipment of vehicles with LOC-OB, including: - No further requirement of Eurobalises only
—Engineering costs serving localisation function
—~>Hardware costs - Implementation of reduced Eurobalise layout,
— Obsoloscence costs leading to lower:
- Operation & maintenance costs —~>Hardware costs

- Operation & maintenance costs

Profitability of LOC-OB implementation will be
achieved if cost savings for reduced Eurobalise
requirements outweigh additional costs for vehicle
equipment
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O L I s\

Scope National Line National
Track type Mixed Mixed Mixed
Track . :

usage Passengers & freight Passengers & freight Passengers only
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General methodological approach

* CBA model generally based on EUG TO CBA but applying more
conservative approach & assumptions by:

Inclusion of LOC-OB engineering costs
Inclusion of LOC-OB obsolescence costs

Modelling of transition period from legacy odometry to LOC-OB

Sensitivity analysis for Eurobalise reduction ratio
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Onboard
Costs

Trackside

Trackside
Benefits Onboard

Onboard
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LOC-OB unit

Digital Mapping

Eurobalise

Odometry function

Current GNSS onboard solutions
for non-safe applications

RU

RU

RU

CAPEX / OPEX

CAPEX / OPEX

CAPEX / OPEX

CAPEX / OPEX

CAPEX / OPEX

Main cost driver

Main benefit driver
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CBA conducts two scenario comparisons:

§ ETCS L2 ETCS MB hybrid |

(without TIMS) (with TIMS) . Reference scenarios
with odometry with odometry = |

; ETCS L2 ETCS MB hybrid |

(without TIMS) (with TIMS) . Target scenarios

; with LOC-OB with LOC-OB | |
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 Evaluation of MB hybrid based on additional potential for Eurobalise

reduction
V oy
I Safe front end MeChanism:
B I
— * Continuous localisation by LOC-OB
e, enables lower average confidence
: \ interval
Indication point of : : . .
T wihlarger | | Inditaton point o  Lower confidence interval enables
confidence interval |1 Train A with smaller .
| conidence ol better operational performance
X | under moving block hybrid
erearend, * To reach same operational
e o - performance using legacy odometry,
compared to wain A TN cordencomenel : additional balises are required
S
Actual train position Approximated train position due to confidence interval
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I
|
\

Start moving block

)

Model start year Start LOC-OB rollout . End of life LOC-OB
hybrid rollout
I I I I
2024 2035 2035-37 2055
Sub-comparison 1 Reference scenario

(ETCS L2 fixed block)
Target scenario

Sub-comparison 2 Reference scenario

(ETCS L2 MB hybrid) 7

Target scenario

ETCS L2 rollout with regular Eurobalise layout - ETCS MB hybrid rollout with regular Eurobalise layout
Legend

7
ETCS L2 rollout with reduced Eurobalise layout % ETCS MB hybrid rollout with reduced Eurobalise layout
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CBA model limitations
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Sub-comparison 1: ETCS L2 Sub-comparison 2: ETCS MB hybrid
500.000 2055 500.000 2055
400.000 400.000
2050 2050
300.000 300.000
__200.000 200.000
() ()
= s = 2045 S
2045
2 = 2 =
=z =z
100.000 100.000
0 0
2040 2040
-100.000 -100.000
-200.000 2035 -200.000 2035
0% 10% 20% 30% 40% 50% 60% 70% 0% 10% 20% 30% 40% 50% 60% 70%
Balise reduction ratio [%] Balise reduction ratio [%]
= NPV ETCS L2 NPV Trackside ETCS L2 Break-even year ETCS L2 = NPV ETCS MBH NPV Trackside ETCS MBH Break-even year ETCS MBH
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Sub-comparison 1: ETCS L2 Sub-comparison 2: ETCS MB hybrid
3.000 2055 3.000 2055
2.500 2.500
2050 2050
2.000 2.000
1500 1.500
() ()
= =
= 2045 = 2045
[a o
=z =z
1.000 1.000
500 500
2040 2040
0 0 |/
-500 2035 -500 2035
0% 10% 20% 30% 40% 50% 60% 70% 0% 10% 20% 30% 40% 50% 60% 70%
Balise reduction ratio [%] Balise reduction ratio [%]
= NPV ETCS L2 NPV Trackside ETCS L2 Break-even year ETCS L2 = NPV ETCS MBH NPV Trackside ETCS MBH Break-even year ETCS MBH
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Sub-comparison 1: ETCS L2 Sub-comparison 2: ETCS MB hybrid

160.000 2055 160.000 2055
140.000 140.000
120.000 120.000
2050 2050
100.000 100.000
80.000 80.000
W W
i — ‘f‘ —
< 60.000 2045 g < 60.000 2045 §
o > o >
= =
40.000 40.000
20.000 20.000
2040 2040
0 0
-20.000 -20.000
-40.000 2035 -40.000 2035
0% 10% 20% 30% 40% 50% 60% 70% 0% 10% 20% 30% 40% 50% 60% 70%
Balise reduction ratio [%] Balise reduction ratio [%]
= NPV ETCS L2 NPV Trackside ETCS L2 Break-even year ETCS L2 = NPV ETCS MBH NPV Trackside ETCS MBH Break-even year ETCS MBH
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Main CBA takeaways
N\
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e System Pillar : train CS domain
e LOC-OB = Full ASTP.
* Basic ASTP is not tackled on in the scope of CLUG2.0.

* Innovation pillar : FP2 WP21/WP22
 LOC-OB = ASTP.
e Basic ASTP is not tackled on in the scope of WP21/22.
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CLUG2.0 Gap Analysis is divided in three main tasks :

1. Re-evaluation of the system requirements

2. ETCS gap analysis

3. Overall Gap analysis

The results of the CLUG2.0 gap analysis are formalised in D6.6 publicly available.
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D2.4
requirements

selected set of

Full set of
requirements

___________________

WP3 : safety
Requirement analysis

A

requirements

WP4
Demonstrator

Demonstration
needs

23/07/2025

compliance

WP5
Demonstrator
test

demonstrator

Technology
readiness




* Performance requirements where not consider since test results are not”
yet available.

* Most of identified discrepancies are related to the unavailability of a CCS
onboard architecture and unclear functional allocation between the
CCS-Onboard constituents.

e Significant effort is still needed from the sector. Most of the needed
clarifications are not purely technical and require the sector to take
decisions.
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Facts :

Obijectives :

- Interoperability - Interpretability

_ European harmonisation - Top-down but also bottom-up approach

- ETCS / EVC seen as a monolithic

- "High-level" specifications where
component

only the critical points for
interoperability are defined
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Today’s architecture I Future targeted architecture, LOC-OB replacing the odometry constituent
(simplified view) :

____________________________________________

/~Monolitic EVC : " CCS onboard

I \
. I 1
| |
I ! ( ™\ @ D |
1 1
. | |
I | |
: § J \ Y, :
| CCN 1
| : ( A s N :
. I |
| |
| | |
1 < Y, . Y, |
. \ 1

®)

DO : odometry

: Balise Transmission Module

S : European Train Control System
ATO : Automatic Train Operation

CCS : Control Command and Signalling

o9)
—
<

m
—
(@)

>
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¢ Agreement on functional allocation (for illustration, which component translate the LOC-OB A

localisation to the train front end position)

e Definition of standardised interfaces : LOC-OB to users

* Definition of standardised application data depending on the functions allocated
to LOC-OB

e Definition of the FFFIS

* Definition of standardised interfaces : LOC-OB supporting information
* |dentification of the mandatory supporting information

* Definition of standardised application data
» Definition of the FFFIS
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Onboard performance requirements : subset 41

@ update or!a new subset?

A E
Under estimation

(Absolute fusion filter)

Onboard performance requirements : subset 41
|

uonesijelo]

‘:
Under estimation

(odometry + balise detection)

uonjesijelo

i

JIVDOOT D + UOIIBWIISS Japun + 33UelSIp Pa|[aAe4] + | 3sijeg

distance

\

distance

7
\ | /
Q_LOCACC D: ={> [><—> O
Inter balise distance S [/

balise to signal distance

034 Q_LOCACCI [> (04

GNSS signal obstruction

“'{

v
i

Trackside engineering rules : subset 40 +
specific engineering rules

Trackside engineering rules : subset 40 update or a new
subset?

uoljewllsa Japun Jal|l} uoisnj} + aduelsip palejndjed + gl 43y

\Y

@ Virtual reference location (map)
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* EUROBALISE concept is a corner stone of ETCS :

* Can we reduce the number of physical balises without impacting safety and performance?
* How to handle physical balises and Virtual reference locations in parallel?

 New model of accuracy :

 What is the real impact on ETCS if over estimation and underestimation is not following the
“sawtooth” model?

 Specific exported constraints to trackside :
 How to handle exported constraints to trackside (tunnels, Multipath areas, etc)?

* What about retro compatibility :

* LOC-OB onboard on a line without a map?

* ODO / Balise onboard on a line with reduced number of balises?
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Introduction of LOC-OB, main disruptions :

illustration on the subsets impact

20
sueser  limpacted by the LOC-OB introduction CLUG

Subset 026: System requirement specification (V4.0.0) Major impact, general description and mechanisms, modification of the
model of accuracy, extension of Balise Group to any type of reference

location.

Subset 034: Train interface FIS (V4.0.0) Introduction of LOC-OB to train interface.

Subset 040: Dimensioning and Engineering rules (V4.0.0) Major impact related to the balise removal and the introduction of new
rules related to areas where GNSS may struggle.

Subset 041: Performance requirements for interoperability (V4.0.0) Major impact related to the model of accuracy and performances.

Subset 088: ETCS Application Levels 1 & 2 - Safety Analysis (V3.7.0) Major impact related to the balise removal.

Subset 091 Safety Requirementsfor the Technicabinteroperability of g\ Il s o Flad (=l F1{=lo RieR o [N L IIH-Ne=la1 o) | B

ETCS in Levels 1 & 2 (V4.0.0)

Subset 119: Train Interface FFFIS (V4.0.0) Introduction of LOC-OB to train interface.

ST e A 2 T 0 S e e e s el AR B ATO receive the train localisation through ETCS. The introduction of

LOC-OB can impact this principle.
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* Technology readiness : Positive results from CLUG2.0, TRL still need to
be improved to trigger a change request.

» Safety demonstration : No blocking points identified but several
demonstrations are still to be consolidated and can be considered as
risks.

* Impact on ETCS : Still numerous questions to be tackled. Depending on
the sector decision, impacts on the subsets can be consequent.
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e System Pillar Train CS
* Focus on the introduction of ASTP into the TSI

* Two step approach

e Basic ASTP = Enhanced odometry
e Full ASTP = LOC-OB

* Innovation Pillar R2DATO FP2 (WP21/WP22)

* Focus on the technology readiness
* Basic ASTP is not in the scope on the project
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 WP2 provided a set of requirements
focusing on an assumption of the “certified
final product”.

* Most of identified discrepancies are related
to the unavailability of a CCS onboard
architecture and unclear functional allocation
between the CCS-Onboard constituents.

 Significant effort is still needed from the
sector. Most of the needed clarifications are
not purely technical and require the sector to
take decisions that cannot be taken by CLUG
2.0 consortium.
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* Consolidation of localization system architecture and of the associated safety
concept and RAMS analysis focusing on two variants:

* Single chain focusing on GNSS/INS solution using EGNOS corrections to reach SIL4

e Dual chain to relax the safety constraints on each chain, with a clear independency between
the two chains :

* The GNSS/INS solution using EGNOS corrections chain

* An additional INS/Carto Shape map-matching chain

* With a SIL4 combiner
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* Development:

* Focus made on the GNSS/INS chain using EGNOS

* Targeting the prototyping of the main components

INITIALISATION
¥

TRACK SELECTIVITY
L ]

* Along-Track algorithm robustification
* Track Selectivity module

* Sensor and system levels FDE algorithms
* Confidence Intervals computation
* Emulator of DFMC corrections (PR and PR+PV)

LOCALISATION ‘
- |
INTEGRITY

Legend:
ONBOARD DIGITAL MAP —b-. ’ .-' — -b c??[.u.r.ua.ulsfln.qr_.nr!tmuousI|nk

* Considerations of potential sensor's faulty data in Cl integrity:
* « All satellites and speed sensor Faulty » Cl = unrealistic and pessimistic scenario, over-safe

* « X-satellites-faulty » Cl = realistic scenario without safety demonstration (to be made and not implemented)
* « All Fault-Free » Cl = optimistic scenario with safety deficiency

* Simulation of the double chain architecture to relax the challenging Cl THR allocated to the
single chain
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e Qutput functions:

* 1D Position and 1D speed shall be provided in SIL4. 1D acceleration and the track ID are also expected in SIL4 but needs to be
confirmed.

* No need of safety related to 3D data up to now

* In the context of the architecture developed in CLUG2, an EGNOS for Rail service (with a failure rate of
2.4E-6 per hour) is considered necessary to achieve the safety targets of the LOC-OB system

* The certifiability of Kalman Filter in SIL2 (dual chain) or SIL4 (single chain) shall be demonstrated in a
future project

* To consolidate the safety approach, a full characterisation of the different FDE’s will need to be
performed to validate their expected failure rates
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Inputs »> Output »>
Inputs from Outputs above——>» Tool |—Outputs that are used later as Input—>
Inputs from Outputs below——»| —Outputs that are used before as Input-»>

——Simulating time frame:

Testconfi File Loading All needed Files—»

*Hasler_Pulse.cs
*Hasler_Wig.csv

*Hasler_FDE-Vxxx_Pulse.csv—p»
*Hasler_FDE-Vxxx_Wig.csv—

* Data collection and preparation

14 Correction *FDE-Vxxx-DFMC-Obs.csv—>»

* Train preparation Syntony PP L
* Ground Truth definition and validation R
* ICD preparation and dataset format definition (CLUG 2.0 .CSV —trevmruien
files) &
. e sspesr—»

Postprocessing tool chain set-up e Sensor Fusion [JASSRN

*)k —

(MetaCLUG_*)*.xlsx *Vxxx-RepEKF.csv——»
——CLUG_PATH_DATA

UTC_START_STRING
UTC_END_STRING:

TRAIN >
GNSS_ID- me Argument *Vxxx-RepTACHO.csv—>

IMU_ID:
WIG_ID:

MOVEMENT_DIRECTION_AT_INIT

* Live demonstration of the Along-Track algorithm

—ENABLE_TRACK_SELECTIVITY-:
——ENABLE_SBAS

*Vxxx-RepGNSS.csv—»

Aga v sewngs | Exuean

Telegram | x2rail/CLUG_PVT_3D_LOC_REPORT v+  Reading  velteo m.s X accleoxms2 X X v @ Last30seconds v @ {Q Refresh ~

*Imu. *
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A1 aasnacememeng P x2 L *Vxxx-RepEKF.csv IMU FDE oximu.cs
. o
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23 *Vxxx-Rep1D.csv *
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= Myssiwsild Matlab file creation *Clug2Rep3d_Ins.mat—»
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) b ::‘I

— ' 0 ; — Multiple Matlab Files—, Plot creation
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 Single chain (GNSS) performance analysis conclusions based on real data postprocessing

The along-track position half-MCI requirement in “non-constrained” areas (60 m) is always achieved (fault free Cl) in all trips
(nominal and worst cases) and in all environment combinations.

The half-MCI requirement in “constrained” areas (10m) is achieved (fault free Cl) in Open sky & suburban areas. Elsewhere balises
could be used: every 500m for straight track, higher distance on curvy track

The « All satellites and speed sensor Faulty » restrictive assumption prevents to comply to the position MCI requirements

The along track-speed half-MCI requirement ([2 12]km/h) is achieved (fault free Cl) in almost all trips; exceeding performances
targets were observed in rare worst-case trips (GNSS-denied / tunnel and straight track) and can be solved by fine tunning the
algorythmes.

Above results from real data postprocessing are consistent with the simulated performances (T4.11)

e Dual chain(GNSS//map matching) performance analysis conclusions based on simulation

Modelisation of the map matching chain may need to be consolidated in R2DATO.

Differences of ClI amplitude between the two chains may penalise the SIL4 outputs of the combiner, because GNSS chain ClI
performance depends on local environment (clear sky to denied area) whereas shape map matching chain Cl performance
depends on track geometry (curved to straight)
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* The CBA performed in CLUG 2.0 is oriented to the overall system costs and
benefits but does not explicitly consider modularity.

e Considering 40k€ as a price assumption for the onboard unit, LOC-OB shows
potential for profitability even for Eurobalise reduction ratios <50%, with a shift of
cost from trackside to onboard

* Larger scale implementation yields overall better
results N
REF | ETCS L2 ETCS MB hybrid | |
o (without TIMS) (with TIMS).
SCenario | with odometry with odometry
TARGET | ETCS L2 ETCS MB hybrid.
. (without TIMS) (with TIMS)
Scenario with LOC-OB with LOC-OB
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* The gap analysis highlighted the level of maturity of LOC-OB specifications and the
technology readiness, notably the remaining open points to be solved.

* The gaps between the current ETCS and the future ETCS compatible of LOC-OB have

been analysed, concluding that introducing LOC-OB will have significant impact on
TSI CCS

* Backward compatibility between trackside (balise layering) and onboards (train
equipped with LOC-OB or not) will be an important factor in decision-making
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* Solution development targeting TRL ramp-up to

* Development of the (Shape map-matching) and the to validate the
performance
* The should be to consolidate the achievable safety level and associated
Cl
should be found in the integrity concept to optimize

the performance
* Refinement of the sensor models will increase performances without degrading safety

e Test of the LOC-OB with
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* CLUG 2.0 is one stone on the path to certification. Continuation of the
activities lead to Europe’s Rail:

e CLUG 2.0 have been pushed to FP2-R2DATO, in which specifications have
been written at sector level and pushed to System Pillar for consolidation

 CLUG 2.0 prototype pushed to during which

are made (Shape map-matching, Combiner, “All-Faulty” CI
consolidation)

e CLUG 2.0 for the ASTP cost analysis realized at sector
level
e CLUG2.0 in which the critical

points will be analysed in more details at sector level
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