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The Goal / Problem

Introduce safety-critical localisation 
wherever practical to increase 
productivity and reduce physical 
infrastructure:	 	 


• Efficient implementation of ETCS L3+ 
(train integrity) while substituting « 
Gleisfreimeldeanlagen» (about 27’000 
today).


• Reduction in Infrastructure e.g. 60’000 
ETCS balises or 9’000 axle counting 
system for ETCS L2.


• Safer warning procedures e.g. in case 
of construction (on tracks) in 
combination of personal localisation.

location enabled devices

tablet warnings localisation 
«tag»
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Localisation Requirements

Use Cases + Safety Requirements => Localisation Performance 
	 	 	 	 	 	 	 	 	     	 	  (accuracy, reliability (RAMSS))

achieves

achieves

Safety

Accuracy

Operational
Performance/

Function

requires

requires

Use	Case

Use	Case

Generic Structure of Train Control- and Safety-Systems Relations between Use Cases 
and Characteristics of a localisation system 3



Requirements  
Example of Use Cases
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1.2 „Präzise Zugendeposition (insbesondere Güterzüge)“
1.2.1 Zugintegrität, um ETCS L3 und moving block zu ermöglichen

1.2.2 Automatische Zuglängenberechnung

1.3 „Performante „elektronische Kopplung“ von Zügen, Optimierung Zugfolgezeit“
1.4 „Präzise Zugspitzenposition für ETCS-Prozess“
1.4.1 Effiziente, präzise und sichere Steuerung von Vereinen, Trennen, Wenden (VTW) und besetzten Einfahrten

1.4.2 Sicheres Rangieren mit/ohne Shunting-Modus ohne Zwergsignale, trotzdem mit voller Absicherung gegen feindlichen 

Verkehr

1.4.3 Für präzises Halten gemischter Kompositionen am Perron

1.5 „Volle und genaue Orts- und Geschwindigkeitsüberwachung in jedem ETCS Modus (FS, SH, SR, OS, TR, ..) 
und auch wenn ETCS OBU offline ist“

1.5.1 Schnelle Erkennung entlaufener Wagen (impliziert Tagging jedes abgestellten Wagens/Wagengruppe)

1.5.2 Parallel anlaufendes Einfädeln/Ausfädeln in Bahnhöfen 

1.5.3 Genauer elektronisch gesicherter Flankenschutz (Daten für ES Logik) mit dynamischer Risikooptimierung

1.5.4 Genauer elektronisch gesicherter Durchrutschweg (Daten für ES Logik) mit dynamischer Risikooptimierung

1.5.5 Reduktion des Odometrie-Fehlers, der den Bremseinsatzpunkt beeinflusst, damit Verbesserung der Zugfolgezeit

1.6 „Annäherungswarnung im Rangierfahrzeug“
1.6.1 innerhalb Rangierbereich unabhängig vom ETCS-Modus oder Betriebszustand

1.6.2 bei Gefährdung des schnellen Verkehrs außerhalb des Rangierbereiches

1.7 „Real-Time Validierung des Beschleunigungs- und Bremsvermögens“
Dank Trägheitssensorik kann das Beschleunigungs- und Bremsverhalten real-time erfasst und überprüft werden. Der 

effektive Bremsweg wird in die ES Risikoberechnung aufgenommen und der Zug somit optimal gebremst. 

=> Zugfolgezeiten optimierbar.

8 Kommerzielle und operative Nutzung

8.1 „Tracking von Eisenbahnfahrzeugen, Containern, etc..“
8.2 „Automatisierung der Verwaltung von rangierten Zügen“

§ All relevant Use Cases were systematically analysed (including about 60 aspects).

§ We (1) achieve a structure of the localisation objects according to their reference points
and characteristical properties to be used for the location functionality.

§ We (2) achieve a structure of the use and related requirements including the functional, 
procedural and operational relationships (e.g. localisation accuracy, time lag of
communication etc.)



Requirements 
Procedure to generate localisation requirements

Betriebliche 

Funktion/

Aufgabe

Betriebliches

Risiko von

Gefährdungs

-objekten
Use Case

Lokalisierungs-

Objekt

UC 1.1: Schnelle und präzise 

Freimeldung Gleis, Weiche, 

Barriere

Schnelle Umstellung 

Weichen / Öffnung Barriere 

nach Zugüberfahrt (je nach 

heutiger Fahrstraßenlogik) 

mit weniger Komplexität / 

Systemaufwand möglich als 

mit heutigen GFM.

Positionen,

Geschwindigkeiten

Von spurgebundenen 
Fahrzeugen (Zugspitze, 
Zugende)

UC 1.1: Schnelle und präzise Freimeldung Gleis, Weiche, Barriere

Kollision
ZZ1.a Zwei Züge, wegen lückenhafter Technik,

z.B. im Stellwerksbereich auch Signalfall 

ZZ1.d Zwei Züge, wegen technischem 

Versagen der Infrastrukturanlagen

ZZ2.a Zug/Rangier, wegen lückenhafter 

Technik, z.B. Stellwerk 

ZZ2.d Zug/Rangier, wegen technischem 

Versagen der Infrastrukturanlagen

ZZ2.e Übrige Zusammenstöße

Ermittelte Risiken nach SBB-Szenarienhandbuch  

zur Zuordnung von Use Cases, Lokalisierungsobjekten sowie 

Risikofaktoren und resultierender Sicherheitsanforderungsstufe
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Requirements  
Coordinate Systems and Accuracy

coordinates in north/east
und vehicle coordinate system

radial
distribution

Mahalonobis
ellipses

!" = $ − & ' $ − &� !) = $ − & '*+, $ − &�
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Requirements 
Integrity and Accuracy for two Use Cases

x 10m R

Y

+/-1,5m R

Use Case 
Nr

Lokalisierungs-
objekt

SIL Genauig-
keit

MTTF MTTR Verfüg-
barkeit

Latenz
o. Periode

1.1
Gleisfreimeldung 
(GFM)

SIL3/
SIL4

x ≤66,4 m R
y +/-1,5 m R

1 Jahr 0,5h 0,9999375 1s

1.2 – 1.7 
8.1 – 8.2

Zugposition
Fahrzeuge 

SIL 3 10 m R 1 Jahr 0,5h 0,9999375 0,5 s
0.5 s

Integrity «Cuboid»
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System & Sensors

It needs to be a multi-sensor system 
specially designed to meet accuracy, 
integrity and availability levels.


Analogies (or «lessons learned») from 
different application domains:


• Area Navigation / Required 
Navigation Performance as being 
currently used in aviation 
«Safety Critical»


• DSRC/GNSS Electronic Tolling  
«Business Critical»

performance based navigation © FAA

Entry point 

Control point 

«virtual» toll control point © NDS
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System & Sensors 
Aviation: Performance based Navigation (PBN)

It is a «safety critical» system and 
meets SIL3 ÷ SIL4 [10-6 ÷ 10-9] 
requirements.


Multi-Sensor Avionics System:

• Pitot/Static -> speed/altitude,

• Inertial Measurement Unit -> movement and 

orientation in 3D,

• Satellite Navigation (GPS L1/SBAS -> absolute 

location,

• VOR/DME/ILS  -> absolute location.


Fusion of sensors (i.e. Flight 
Managment System/Autopilot) enables 
and ensures cross checks for 
continuous integrity and accuracy.
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System & Sensors 
Electronic Tolling: GNSS only with (very) large amounts of data

It is a «business critical» system and 
can achieve SIL2 [10-3] (on demand).


Combined Sensors in an «OBU»:

• Gyroscope -> directional change,

• Satellite Navigation (GNSS/SBAS) -> absolute 

location,

• DSRC  -> absolute location. 


GNSS only can work if combined with 
business logic and if it is adapted to 
operational and environment 
constraints  i.e. use of maps.

Crossing not 
tolled segment 

Crossing tolled 
segment 
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System & Sensors 
Railway: «performance based navigation» & large amount of data

It is a «safety critical» system 
and needs to be capable of 
SIL3 ÷ SIL4 [10-6 ÷ 10-9].


Combined Sensors:

• Odometry -> speed

• Inertial Measurement Unit (IMU) -> 

Movement and Orientation in 3D

• Satellite Navigation (Galileo [E1/E5 

AltBOC]/GPS L1/EGNOS) -> 
absolute location


• Balise -> absolute location


Fusion of sensors in an 
«OnBoard» enables and 
ensures cross checks for 
continuous integrity and 
accuracy.
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State Vector (3D, 6 DoF) but constraint on track (1D, 3.5 DoF)

Tracks / Map
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X�

Galileo/GPS
X�,∂ X� , ∂∂ X�

IMU
∂ X�,∂∂ X�, Φ� , ∂Φ�, ∂∂Φ�

Odometry
∂ x�

Given the 1 Degree of Freedom nature of a «vehicle on tracks» the system is well
over-defined thus enabling sufficient «self» integrity monitoring 
(i.e. system autonomous integrity monitoring).

Accuracy Monitoring in 2D (cross and above) is done relative to the tracks 
(i.e. an accurate map thereof). The current technical challenge is to reliably 
estimate the along track accuracy using GNSS. 



System & Sensors 
Architecture

We suggest a combination 
of an «OnBoard» and a 
central localisation 
functionality. 


They work in sequence to 
fulfil the required functions:

• localisation,

• supervision/monitoring 

(integrity),

• interfacing with e.g. 

interlocking.


The fusion of sensors works 
sequentially in two stages, 
on the level of the OnBoard 
and the Server.

GLAT Server

GLAT OnBoard

LL Ü

GNSS

Odometry

IMU

(Euro-)Balisen

Localisation Information (LI)

Integrity

….

LL Ü

STW Maps

STW
LI

Integrity

Localisation Solution … LL
Supervision/Monitoring … Ü

Interlocking … STW
Inertial Measurement Unit  … IMU
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Results 
Phase 0 - Trials

SBB AG
Infrastruktur, Telecom SBB
Technischer Betrieb, Messtechnik
Mittelstrasse 43
3000  Bern 65

U116058 – H.P. Vetsch

Antennen Funkmesswagen 2012
Grösse Datum: Datei:     Antennenanordnung Mewa2012_Ve.vsd REV.

05.11.2012 Blatt:      1 A
Massstab: --- Blatt: 1 von 1

A9 A2 A7 A32 A3 A31 A6 A4 A11 A12 A13 A14 A21 A1 A5 A22 A24

A23 A25

A26 A8

A28 A27

SwiposChur

GLAT_01

SBB

Data Fusion in Railway Applications © iMAR Navigation GmbH 7(14) 

𝐶̂𝑏
𝑣  is the transformation matrix representing the nominal misalignment between INS body 

frame and vehicle frame, 

𝑙𝑜𝑑𝑜
𝑏  is the lever arm to the odometer in INS body frame and  

𝑀𝑠 =  (
1 + 𝛿𝑠𝑜𝑑𝑜 0 0

0 1 0
0 0 1

) is the odometer scale factor error matrix. 

Errors in the measured angular rate are neglected since these are well below contributions 

of noise and other un-modeled errors on this measurement. Equation (17) may be used to 

derive the measurement matrix H using a CAS (omitted here for brevity). 

3. Railway Application Specifics 
The INS is usually located inside a carriage box on the train. The carriage box is mounted 

on the bogie, which is carrying the wheels, through a bogie pin and several springs and 

dampers. Figure 1 shows a typical bogie assembly. This structure allows for a certain de-

gree of rotation between the carriage box and the wheels, which allows to pass smaller 

curve radii and it improves the ride quality for passengers. 

 

Figure 1: Bogie, containing four train wheels (Source: http://www.drehgestelle.de/6/Scheffel_LKAB2.gif) 

This assembly, however, creates a problem for the use of zero lateral velocity updates: In 

curves, the carriage box will lie on the secant between the two bogie pins, and the bogies 

will approximately be tangential to the curve, creating a misalignment between the odo-

meter frame, in which the zero lateral velocity assumption is still valid, and the vehicle 

Radimpuls

GR
Signale

GR
Signale

GES
Signale

GS
Signale

GRES
Signale

LTE

NTRIP Server

GPS (G)   GLONASS (R)   GALILEO (E)   EGNOS (S)

RTK L1
Rohdaten

RTK L1
Rohdaten

RTK L1
Rohdaten

iNAT RQT
GR SPS
IMU
Sensorfusion

iNAT M200
GR SPS
IMU
Sensorfusion

Radimpuls

RTK Base

RTK Rover Fiber Optic Sensing (FOS)

Akustik
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Results 
Phase 0 - Trials
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GPS+GAL+EGNOS, 14Hz, RTK RhB Chur

Cross	Track	Error:	
50%	within	1	Meter	

75%	within	1,5	Meter	(„track	accuracy“)	
90%	within	2	Meter	
97%	within	3	Meter

 15



Results 
Phase 0 - Trials

SBB AG
Infrastruktur, Telecom SBB
Technischer Betrieb, Messtechnik
Mittelstrasse 43
3000  Bern 65

U116058 – H.P. Vetsch

Antennen Funkmesswagen 2012
Grösse Datum: Datei:     Antennenanordnung Mewa2012_Ve.vsd REV.

05.11.2012 Blatt:      1 A
Massstab: --- Blatt: 1 von 1

A9 A2 A7 A32 A3 A31 A6 A4 A11 A12 A13 A14 A21 A1 A5 A22 A24

A23 A25

A26 A8

A28 A27

[m]	
Gleis	quer	(y)

Statistik	Gleis	läng	(x)	
„Relative	Baseline“	RTK	GS	(Antenne	A6)	und	RTK	
GES	(Antenne	A11)	
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2,5m

Statistik	Gleis	quer	(y)	
RTK	GS		
Antenne	A6

Rayleigh	Verteilung	 
Skalen	Parameter	=	1,01343	
und	einer	Standardabweichung	𝜎	=	0,66

2* 0.662 = 0.933
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Zeit ohne GNSS d.h. im 'Dead Reckoning' → 2. [min]
Zurückgelegte Strecke → 3600. [m]
μ Fehler Lokalisierung M200 → 4.75979 [m] - mit einem - σ Lokalisierung M200 → 1.4984 [m]
μ Fehler Lokalisierung RQT → 5.2727 [m] - mit einem - σ Lokalisierung RQT → 1.45362 [m]
iNAT M200: Wahrscheinlichkeit [%] 10 Meter Grenze Gleis Längs (x) zu überschreiten → 0.0240
iNAT RQT: Wahrscheinlichkeit [%] 10 Meter Grenze Gleis Längs (x) zu überschreiten → 0.0570
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𝐶̂𝑏
𝑣  is the transformation matrix representing the nominal misalignment between INS body 

frame and vehicle frame, 

𝑙𝑜𝑑𝑜
𝑏  is the lever arm to the odometer in INS body frame and  

𝑀𝑠 =  (
1 + 𝛿𝑠𝑜𝑑𝑜 0 0

0 1 0
0 0 1

) is the odometer scale factor error matrix. 

Errors in the measured angular rate are neglected since these are well below contributions 

of noise and other un-modeled errors on this measurement. Equation (17) may be used to 

derive the measurement matrix H using a CAS (omitted here for brevity). 

3. Railway Application Specifics 
The INS is usually located inside a carriage box on the train. The carriage box is mounted 

on the bogie, which is carrying the wheels, through a bogie pin and several springs and 

dampers. Figure 1 shows a typical bogie assembly. This structure allows for a certain de-

gree of rotation between the carriage box and the wheels, which allows to pass smaller 

curve radii and it improves the ride quality for passengers. 

 

Figure 1: Bogie, containing four train wheels (Source: http://www.drehgestelle.de/6/Scheffel_LKAB2.gif) 

This assembly, however, creates a problem for the use of zero lateral velocity updates: In 

curves, the carriage box will lie on the secant between the two bogie pins, and the bogies 

will approximately be tangential to the curve, creating a misalignment between the odo-

meter frame, in which the zero lateral velocity assumption is still valid, and the vehicle 

24
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90°

System „HPV“, SBB Mewa12

iNAT RQTKathrein GPS Antenna

© Deuta Werke

© Kathrein-Werke KG

© iMAR Navigation GmbH
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Summary / Conclusions

• We developed procedures to derive train location system performance 
requirements (accuracy, reliability (RAMSS)) from Use Cases, Statistics and 
Norms.


• Based on «best practices» and analogies (or «lessons learned») from different 
application domains and current state of the art in railway (localisation) we 
suggest a multi-sensor system for safe train localisation. 


• First (early) results from a feasibility study within the SBB SmartRail 4.0 
programme are promising in terms of accuracies. It seems feasible to achieve  
the requirements derived.  


• Challenges are the difficult environment (i.e. ground based), stringent 
requirements on safety (up to SIL 4) and operational constraints (e.g. MTBF). The 
current focus of work lies on better understanding of performances of different 
sensors and their combinations (i.e. fusion) on a large network and hence the 
development of a reliable and certifiable accuracy estimation for errors in 3D and 
the time domain. 
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