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Multi-sensor integration for precise train position detection
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VOLIERArojectaddresses the aim to develop an innovative train positioning system based on
the fusion of measurement data coming from different sensors and technologies.
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Baseline DesigReview(BDR) 1. VolieraConcept, User Requirements and Functional
Operational Scenarios.

2. Review of Directives, standards, regulations and technolog
gap analysis.

3. Review theSoAsensors technologies.

<

SystemRequirementfReview(SRR) Review the system requirements specifications.

Preliminary DesigReview(PDR) 1. Review of functional architecture specification and
confirmation of the feasibility and correctness of the
architectural design.

2. Review of preliminary component design specifications.

Mid-Term Review Critical Design Review (MTRCDR) 1. Review of component design specifications and provide finjl
assessment of design feasibility.

2. Confirm correctness of design and its readiness for starting
prototype development.

3. Review of component test specifications, integration test
specification.

4. Review and agree on required acceptance test.

5. Review of Proebf-Concept results.
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== Baseline DesigReviewBDR)

Baseline DesigReview(BDR) 1. VolieraConcept, User Requirements and Functional
Operational Scenarios.

2. Review of Directives, standards, regulations and technolog
gap analysis.

3. Review theSoAsensors technologies.

<
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‘ y VolieraConcept, User Requirements and
= Functional Operation&cenarios (1/4)

The on-board equipment continuously performs the speed and the distance monitoring based on the train
front-end (rear-end) positions and the train speed.

. LRBG 1 | Estimated front end
] |
1Q _LOCACC(1) | Q_LOCACC{ 1) :
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| Confidence interval |
< >
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ERTMS Train confidence interval and train front end position (Source Figure 13c in Ch. 3 Subset 026)
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‘ » VolieraConcept, User Requirements and
= Functlonal Operation@&cenarios (2/4)

(MAIN) USER REQUIREMENTS

UREQ_00 [ VOLIERA shall provide train position information continuously to train consumers. Considering that this information shautidzeto on
board ATP system, the minimum frequency is 20 Hz.

UREQ 01 [ VOLIERA&hallwork underall rail operationalconditions suchas
Slip and slide;
Fromstandstilluntil maximumspeed

UREQ 02 [ VOLIERA shall work under all rail environmental conditions, such as:

All weather conditions

All type of loco environment

All types of Rail infrastructure (e.g. tunnels, bridges, with or without catenary, concrete track, ballast track, etc.)
All types of physical environments such as station areas surrounded with high buildings, forests, etc.

UREQ 03 Upon startup, VOLIERA shall reach full operational capability in minimel(i.e. from 3 to maximum 5 minutegjth minimal human
supervision.

UREQ 04 [ VOLIERAhallprovidetrain position information withaccuracygreaterthanthe currentERTM$ocalisationsubsystem(SUBSET 041).
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‘ » VolieraConcept, User Requirements and
= Functlonal Operation&cenarios (3/4)

Wake Up Scenario

ZoneApplicability DepotZone,Station Zone

OperationsDescription 1. VOLIERA poweredonwhile the trainislocatedin the
DepotZone,

2. VOLIERArovidesoperationaldataafter a maximum

initializationlatencyequalto 5 minutes.

Nominal Scenario

ZoneApplicability DepotZone, ErRouteZone,Station Zone

OperationsDescription 1. After Wake Up, VOLIERg0perationalandmaintains
nominalperformanceaslongasthe systemis switchedon.
Thenominalscenariocomprises

- Tracks with no wayside localization systemslifabses;

- Steepsided tracks;

- All weather conditions, day or night;

- Train at stop for long durations;

- Train speed up to 140 km/h.
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‘ » VolieraConcept, User Requirements and
= Functlonal Operation&cenarios (4/4)

ZoneApplicability

OperationsDescription

ZoneApplicability

OperationsDescription

ZoneApplicability

OperationsDescription

Low AdhesionScenario

DepotZone, ErRouteZone,Station Zone

1. VOLIERA operationaland thetrain is moving

2. Slip and slidphaenomenadccurdue topoorwheel'rail
adhesion(especiallyat low speed;

3. VOLIERFemainsoperationaland maintainsthe samelevel

of performance.

DepotZone, ErRouteZone,Station Zone

1. VOLIERA operationaland thetrain is moving

2. Thetrain entersin a tunnel;

3. VOLIER#emainsoperationaland maintainsthe samelevel
of performance.

DepotZone, ErRouteZone,Station Zone

1. VOLIERA operationaland thetrain is movingon arailway
line with multipleadjacenttracks

2. VOLIERAroperlydiscriminateghe trackon whichthe
train is located
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_ Review of Directives, Standards and
== Regulations

Railwaystandardsandregulationhavebeenanalysedo identify the mostrelevantonesto betakeninto account
in the contextof VOLIERAroject

Forsakeof clarity, the standardshavebeengroupedinto the following categories
A Standardselatedto electricaldesign,componentsand cabling

A Standardselatedto mechanicablesign;

A Standardselatedto componentsinstallatiorn

A Standarddinkedto the usageof visualsensorgi.e. LIDAR)

Basedon the standardanalysisa nonrintrusivenessanalysidhasbeenrealizedin orderto havethe authorization
to use the Voliera System on a commerdiain.
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: Review oB0ASensors and

S ) Technologies (1/5)

Thereviewof SoAsensorsaandtechnologieshasbeencarriedout to identify the mostsuitabletechnologiedo be
part of VOLIERA dmoard measuremensubsystem

Thefollowing sensorsandtechnologieshavebeeninvestigated
A LIDAR (LasémagingDetectionand Ranging

A (Stereo) CAMERA;

A ToFCamera

A IMU (nertial MeasurementUnit);

A GNSS (GlobalavigationSatellite System).



. Review o50ASensors and
==\’ Technologies (2/5)

LIDAR; LaserimagingDetectionand Ranging

Reflectivity
255.00

204.00

153.00

Output Information
Pointcloud(i.e. x,y,zcoordinates
andassociatedeflectivity of the
surroundingenvironmen)

102.00

Railway Pointcloud Example




: Review 050ASensors and
==" Technologies (3/5)

(Stereo)c CAMERA

Output Information
RGB and/ointensitylmage

Railway RGB Image Example
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: Review oB0ASensors and

S ) Technologies (4/5)

IMU ¢ Inertial MeasurementUnit

X-Axis Acceleration X-Axis Angular Speed
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Rewew o50ASensors and
T — Technologles (5/5)

GNS& GlobalNavigationSatellite System

3.04 OBSERVATION DATZ M RINEX VERSION / TYPE
ssrcrin-13.4.4x 20200326 161400 UTC PGM / RUN BY / DATE
(0000000001488594515190003) Septentrio proprietary COMMENT
SEPT MERKER NAME
Unknown MARKEE NUMBER
Unknown Unknown OBSERVER / LRGENCY
3012437 SEPT POLRRXS 5.3.2 REC # / TYPE / VERS
Global \ - ) Unknown Unknown ANT # / TYPE
Navigation =/ —-2519130.0547 —4668840.8831 3528819.7008 APPROX POSITION XYZ
Satellite l— :2:;«&55 Gzl Gl Gl ANTENNAR: DELTA H/E/N
GALILED G 11 Clc L1C C1W C2W L2W C2L L2L C5@Q L5Q C1L L1L SYs / # / 0OBS TYPES
Systems - E 10 clc L1C C6C L6C C5Q L5Q C7Q L7Q CBQ LBQ SYs / ¢ / OBS TYPES
] 4 ClC L1C C5I L5T SYs / # / 0OB3 TYPES
R 10 clc Lic ClP L1P C2P LZP C2C L2C C3Q L3Q SYs / # / OBS TYPES
C 10 C1P L1P C5P LSP C2T L2I C7I L7I C6T L6I SYs / # / 0OB3 TYPES
J 10 clc L1C C2L L2L C5Q 1L5Q Cl1L L1L ClZz L1Z 5Ys / # / OBS TYPES
I 2 CS5A L5A SYs / # / 0OB3 TYPES

Output Information RINEX 3.04 Example File

PVT and GNSXbservables




o"%

== SystenRequirementReview

MILESTONE OBJECTIVES

SystemRequirementfRevieW(SRR) Review the system requirements specifications.

X
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<==X" Functional Architecture
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TRACK
DISCRIMINATION
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ODOMETRY

1D/3D
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==X Physical Architecture

v :
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[ 1 IMU Inertial LabsINSD
Q GNSS SeptentrioAsteRx3
== |LUDAR [ LivoxHorizon
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= Preliminary DesigReviewPDR)

MILESTONE OBJECTIVES

Preliminary DesigReview(PDR) 1. Review of functional architecture specification and
confirmation of the feasibility and correctness of the
architectural design.

2. Review of preliminary component design specifications.
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==’ Testing Strategy

Thestrategyadoptedto verify VOLIERABystemhasforeseenthe executionof severaltest.
Forsakeof clarity, thesetest canbe groupedinto three main categories
- Sensors/erification Test[VERSEN]
Thesetests have the aim to verify that each sensorpart of the VOLIERAYystemis
properlyworkingafter finalizingthe installationactivities
- SystemVerification Test[VERSYS]
These tests have the aim to verify that the overall VOLIERAsystem (Sensors+
DatalLoggeris properlyworkingafter finalizingthe installationactivities
- DataCollectionTest[DCT]
Thesetests have the aim to acquire the measurementdata coming from VOLIERA
systemwhile the test train isrunningalongthe test railwaylines
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==X Field Test Campaign

Trenitalia commercial train (ID ALN668-3136) has been equipped with VOLIERA on-board measurement
subsystem. The following table outlines the field test campaign:

TESDATE RAILWAYLINEID STARTBTATION ENDSTATION TESRUNLENGTHkm] TESRUNSIZHGB]
220512 CAGIGL Cagliari Iglesias 539 215
220513 CAGCAR Cagliari Carbonia 67,2 26,3

220513 IGL-CAG Iglesias Cagliari 539 451
220513 IGLVIL Iglesias Villamassargig 9,1 5,08

220513 VILIGL Villamassargia | Iglesias 9,1 6,07
220527 CAGORI Cagliari Oristano 93 28,1
220527 CAGSAG Cagliari SanGavino 49,6 19,2
220530 SAGCAG SanGavino Cagliari 49,6 4,13
220601 CAGIGL Cagliari Iglesias 539 25,7
220601 IGLVIL Iglesias Villamassargig 9,1 1,22
220601 VILIGL Villamassargia | Iglesias 9,1 4,15




& On Field Measurement Data

=" Analysis (1/4)

Inertial Measurement Unit

Foreachtest, it hasbeenverifiedthat the IMU dataprovidedby the INSD arecompliantto the setconfiguration
both in termsof output rate (50 Hz) and outpulataset

51 IMU D?ta Output RaFe q X-Axis Acceleration 1 X-Axis Angular Speed
= ok i) " |
50.8 @ ® ok |
Ef o, ‘
506 2 1 1 L 1 1 1 1 L L 1 L
10:45 11:00 11:15 11:30 11:45 10:45 11:00 11:15 11:30 11:45
50.4 B Time May 12, 2022 Time May 12, 2022
Y-Axis Acceleration Y-Axis Angular Speed
T T T T T T T

Output Rate [Hz]
(o))
o
[deg/s]
b & o

498 B . . . . 1 pa) . . . .
10:45 11:00 11:15 11:30 11:45 10:45 11:00 11:15 11:30 11:45
496 Time May 12, 2022 Time May 12, 2022
' Z-Axis Acceleration Z-Axis Angular Speed
494 =10 - 2 ‘ H ﬂ 1
RLS 2 bkl JLA_U_/\_[ L :
492 E s wl 1 i
8 1 1 Il L L -2 1 L L 1 1 ]
49 . . L s 10:45 11:00 11:15 11:30 11:45 10:45 11:00 11:15 11:30 11:45
0 0.5 1 15 2 Time May 12, 2022 Time May 12, 2022

Samples %108

(a) (b) ()

CAG-IGL IMU Data Analysis Example: (a) IMU Data Output Rate, (b) Acceleration Data and (c) Angular Speed Data



& On Field Measurement Data

=" Analysis (2/4)

Raw GNSS
The GNSS Raw Data verification process has been carried out by analyzing, for each run, the following information:

- Presencef the GNSS logs expected to be provided as input of the task 1D/3D Positioning. The logs needed
are RANGE, SATXYZ, GPSEPHEMA and CLOCKMODEL,;

- Consistencyf the synchronous logsutput rate with respect to the configuration.

RANGEA - Logs Output Rate 1 SATXYZ2A - Logs Output Rate ] GPSEPHEMA - Logs Output Rate 5 CLOCKMODELA - Logs Output Rate
, . T - i ; I yer e shaehiharus . =

45

Mean Value| 0.66017 Hz }

an Valle: 01221 Hz

ot
S

085 ’

L osf

Output Rate [Hz]

= (g
- o N o W

d
I3

0 500 1000 1500 2000 2500 3000 3500 4000 4500 :
Logs Index 0 500 1000 1500 2000

Logs Index



& On Field Measurement Data

=" Analysis (3/4)

Pointcloud

ThePointCloudData verification process has been carried out by analyzing, for each run, the Status Code associated
to every 3D Point of th@ointCloud The Status Code directly reports information about lthexHorizonstatus.
The Status Code Legend is reported in the next table:
STATUEODEXTENDEMD STATUEODECOMPRESSHD STATUEODHENFORMATION

For each test run, a table

0)0]0]0]0 02{0]0) 0xC200 PP.$ynchronizati0n _ summary of the Status Code
0x00010000 0x10000 UsingPTP1588Synchronization values will be reported into a
0x00010040 0x10040 Dirty or Blocked+ UsingPTP1588 dedicated section. The Status
Synchronization ;
0x00010200 0x10200 PPSsignalis OK+ UsingPTP1588 COde.S. aSSOC_Iated to faUIty
Synchronization COﬂdItIOnS are.
0x00003000 0x@00 UsingPPSynchronization
0x0000C240 0x40 Dirty or Blocked+ PPSsignalis OK 1. 0x10040:
+ UsingPP Ssynchronization ' ’
— | 2. 0xC240;
0x00010240 0x10240 Dirty or Blocked+ PP Ssignalis OK .
+ SystemTime synchronizationis 3. 0x10240;
abnormal 4. 0xC040.
0x00003040 0x@40 Dirty or Blocked + Using PPS
synchronization
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_ On Field Measurement Data
= AnaIyS|s (4/4)

eflectivity

'ﬂ 255.00

e

NUMBER OF POINTS = 38835138 [IUMBER OF POINTS - 28477248

STATUS CODE COUNTER PERCENTAGE (%) STATUS CODE COUNTER PERCENTAGE (%)
Bxc200 16291347 52.83 g"§3229 6322?42 3592
X -
0x10200 20214 .29 0x10848 18683295 65.61
Bxleeee 14367437 46 .59 Bxc248 3279598 11.52
Bxceee 86148 @.28 9x10248 5811 8.02
Oxc040 5189 8.02

HealthyDataset FaultyDataset(Dirty Lens)
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- y» Mid-Term Review Critical Design Review
—=> (MTRc CDR

MILESTONE OBJECTIVES

Mid-Term Review, Critical Design Review (MERCDR) 1. Review of component design specifications and provide fingl
assessment of design feasibility.
2. Confirm correctness of design and its readiness for starting
prototype development.

3. Review of component test specifications, integration test
specification.

4. Review and agree on required acceptance test.

5. Review of Proedf-Concept results.
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Radiellabs

Voliera o Functions <

VVVVVVV

Three macro functional chains have been identified:

A Track Discrimination 8 Responsible for discriminating the Track
where the train equipped with the Voliera Prototype is located

A Enhanced Odometer & Providing odometer information based on
Subset 041 ISSUE 3.2.0

A 1D and 3D Position & Responsible for providing 1D and 3D position

A 1D position information is the estimated relative position of
the train on the track

A 3D position information is the absolute position information
when the track has not been discriminated yet or the
localization is totally unknown (e.g. start  -up).




Radicliabs Rail Track Discrimination

The considered method for rail tracks discrimination is based on
the exploitation of pointclouds of the observed scene.

The method detects and selects measured points on a railway
track .

The detection algorithm is based on specific properties of the
objects contained in the railway environment

The track discrimination method can be described by means of
the block scheme given in the figure.

ops
%

VOLIERA

lPoints cloud

Sliding window of size
1x1 m to determine the
height distribution

Select points
representing linear
structures with RANSAC

Search for parallel rail
tracks.

Counting tracks to
assign the number for
track discrimination

l Track 1D

)
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Radicllabs Testbed < )]

VOLIERA wmm.

Test Track (TT) located In the Hitachi premises in
Naples .

The TTiscomposed by three parts:
A Branch A of length 325,07 m
A Branch Bof length 494,24 m
A Ring of length 731 m.

It includes three switches, one railway traffic light and _
four track -side railway signals. /0|
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Radisgabs  Testbed < )

The TTischaracterized by:

Aa minimum curve radius of 35 m

Aa maximum slope with respect to the access ramp of 40%
Aa minimum vertical curve radius of 400 m

Aa track gauge of 1435 mm

Aa maximum allowed speed of 50 km/h .

Data were recorded by using a rail cart equipped with two
GNSSantennas, one INSD from Inertial Labs and one LIDAR
Livox Horizon.




Radicliabs Rall Track Discrimination: Results < )

VOLIERA wmm.

3D view

The  effectiveness IS
demonstrated by means
of tests performed on
real -recorded data

z (m)
oON LD
I
A
f
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}:‘5
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30 20 10 0 -10 ’ -20 -30 .
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TP i track in Sardegna (ltaly) .
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é O :.;:'.:... -
0 50 100 150
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Ralil Track Discrimination: Results

VOLIERA

Numberoftracks: 2
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FRadidkabs  Train positioning based on landmark < )

VOLIERA wmm.

Depending on the number of landmarks, a different processing workflow is
automatically selected :

U Workflow #1 - Three landmarks in visibility
U Workflow #2 - Two landmarks in visibility

U Workflow #3 - One landmark in visibility
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Radislkabs  \Workflow #1 S e SZ)

Given 0 landmarks, 00 M0 M D . we use LM,
LU as pivot to compute the difference of LoS
directions |

Then, given 00 , the locus of points for which the
viewing angle | remains constant is given by a
portion of the circle passing throuygh the points
00 0 and the train location 0  @hd . This
circle can be split in two portions, one smaller and

one larger than the semi-circle .

The two portions are specular with respect to the
chord passing through the landmarks . If the angle
| is smaller than *f¢, the train lies on the larger
circular arc and vice -versa.




Radiellabs

Workflow #2

In this case the ambiguity is solved
the two candidate train positions
can be substituted in the distance

equation

corresponding to the

second landmark .
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Radickabs  Workflow #3 < )

When only a landmark is present,
a circle of radius O can be
obtained by measuring the
distance between the train and a

In this case, the
ambiguity can
be solved based

landmark . on the direction

. . . . f motion .
Given a train path, it ispossible to Of motio
compute the Intersection

between the aforementioned
circle and the train path . The train
will be located at this intersection .

Train path
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Radiakabs Resultsd 1 landmark < )

VOLIERA wmm.

The algorithm has been tested both on real and simulated data.

Train track interpolation

le6

I aE/ \L @ Before interpolation

4.522475- « After interpolation

4.522450

A Naples testbed
A Only one landmark in the

4.522425 -

4.522400 4

LIDARfield of view :
A Hand -crafted bounding boxes |

4.4160 4.4165 4.4170 4.4175 4.4180 4.4185
East 1e5
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VOLIERA wmm.

Possible solutions

le6

— Track
’ Landmark
— Track
4.522475 A Landmark

@ Solution candidates
@ Solution candidates

4.522450

4.522425 4

4.522400

North

4.522375 1

4.522350

4.522325 1

4.522300 4

4.4160 4.4165

4.4170 4.4175

4.4180
East

4.4185
le5



Radiallabs Resultso 1 landmark

Absolute positioning result

le6

— Track
4.522475 A

’ Landmark
@ Train position

4.522450

4.522425 4

4.522400

North

4.522375 1

4.522350

4.522325 1

4.522300 4

4.4160 4.4165 4.4170

— Track
‘ Landmark
@ Train position

4.4175

4.4180
East

4.4185
le5



Radialiabs  Resultsd Simulated scenario

North 1
|
|
|
AI [22.5, 0]
|
—I ‘Ik
| [17, 5.5]
Track along East 1125, 0] &
Forward run ,
|
|
|
|
|
______ I -9 —---—

[0, 5.9] East

-0,79 rad

0,69 rad

1,57 rad
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Radisabs  Pointcloud odometry PEE-9)
[ ] ....................................................................
module :
\ 4 \ 4
POINTCLOUD - F(’)Z‘Q:ﬁ'e‘;;‘yd > Eusion . Eggf\nnect?;
Position from the IMU/GNSS module can be used to initialize the pointcloud

odometry registration algorithm.



Radicslkabs  Pointcloud odometry

Pose graph optimization to compute a
trajectory from relative pose measurements
(from ICP) and movements (from the
IMU/GNSS module)

Levenberg -Marquardt optimization to find the
most -likely configuration of pose correction .
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Pointcloud odometry: results

Test #001

Test #002

FFFFF

““““

FFFFF
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Pointcloud odometry: results

Test #003

Test #004
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VOLIERA wmm.
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Pointcloud odometry: results

Test #005
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Radiallabs IMU/GNSS module
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Radiallabs Results




