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Background & motivation

Personenverkehr (Pkm)

e 1%
O  +32%
T +18%
Giiterverkehr (Tkm)
e +45%
Al 330,

Quelle: ARE Verkehrsperspektiven 2040.
2010-2040, Basis Referenz-Szenario

Vison und Strategie der SBB
(2017).

890/ of the population were
on the move at least
once outside their house

gﬁ on an average day
ot e ol B

Share of Share of

households with  population with

car(s). bicycle(s) public transport
season ticket(s)

78% TPy Q
65% A 57%

1.6 persons

Average occupancy of cars

36.8 km

Daily distance per person,
in Switzerland

1994 2000 2005 2010 2015

IEIES @

Daily travel time per person,
in Switzerland

(including 8.2 min. waiting and transfer time)

MMTC (2015).

On foot
(1.9 km)

=

Railway
(7.5 km)

Other

(0.7 km)

Public
road
transport
(1.5 km)

Motorised
two wheelers (0.5 km)

Leisure

Work
17.3 min.

Shopping
13.2 min.
Education
5.5 min

Other
9

3 min

Bicycle
(incl. e-bike)
(0.9 km)

Car (23.8km)

The increasing demand in mobility is one of the biggest challenges Switzerland will have to
face in the near future.

Applied Machine Learning Days 2022

(Vision Mobilitdt Schweiz 2050).
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Industrialization and digitalization of railway monitoring

Sl RS
Traditional Industrial On Board Monitoring
(OBM)

Continuous measurements to increase safety and reliability and
reduce life cycle costs
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Machine vision rail condition monitoring: AlS| SBB*

Insulated joints Welds Surface defects & squats

‘b.« - ""’ 4
i = ol = r“.». -
7 1 » FL

P W'

gé

'\‘ag

There are >80°'000 welds and >3’800 insulated joints detected using
machine vision on the tracks crossed regularly by the diagnostic vehicle.

*Fetai llir, Al in Railways inspection: theory VS reality, Al & Industry, AMLD 2022
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Monitor railway track condition with accelerations

711

/o Lol s\ \
66/ 50 53/ 65/ 39/ 37 6] 63 \35
38 3%

B ORNRBYLE®

|

{
S

/o \ 4 7 5| \20\ 8\
ri
- O B M - I C N Drehgestell WE 2, 2000

Drehgestell WE 1, 4000 21(2D)

11(1D)

31(2G)

41(16)

Flacytn consicave
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Simplified Model

= - L T( ) L

] =
/g s ——
Full Order Model

Mnn nﬂnnnnl\ﬂﬂnnnmvnvnvnvﬂvﬁ
‘UUUU I

Acceleration

Measured axle box
vibration

Simplified vehicle
mode

=

Applied Machine Learning Days 2022

n

Force (MN)

Forced displacement 1(t)

Contact

=)

force
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Track stiffness estimation from axle box accelerations via Vold-Kalman
Filters = xo + v

Where y(t) is measured, x(t) is deterministic harmonic signals « v(t) and v(t) is random noise and untracked components.

= x()= IPo; A(®pe(®) and pi () = 2 [ w(W)du

Where A, (t) is a complex envelope and py(t) a phasor and w(t) is the instanteneous shaft speed.

101 .

100 a

Subsidence (mm)

20 2I5 3IO 3I5 4I0 4I5 50
Position (km)

Sleeper Passage Acceleration
Amplitude (m/s2)

—~
10—1 N 15.0 1
Q 12.5
- N .
Infra © 10.0
® Betonschwellen, Sylomer SLS 1707 o 7.5
- ® Betonschwellen, keine Besohlung E 0
1o ® B-91 Monoblock-Betonschwellen, Sylomer SLS 1308 G i =t
® B-91 Monoblock-Betonschwellen, keine Besohlung E 2.5 1
® L77-B Zweiblock-Betonschwellen, keine Besohlung < 0.0
—-2.5 -2.0 -1.5 -1.0 -0.5 20 25 30 35 40 45 50

EMW Subsidence (mm) Position (km)
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Acceleration based event classification using machine learning

Acceleration data & Class Labels

—— ZAXLE 11T
— 7_AXIF_12.T

Surface Defect
Weld
Insulated Joint

—— YLAXLLLLT
Y AXLE 12 T

Extraction of Indicators

* Longitudinal Level DO, D1, D2
* DWT Coefficients
Computation of Basic Features

» Statistical Parameters

* Energy & Entropy

Features Selection

* All Features or Empirical selection
 PCA,...

Applied Machine Learning Days 2022

Convolutional Neural Network for CWT,
STFT, DWT of ABA

STFT of Accelerations

Predicted
Class Label
Input Convolution & Pooling Dense layers Output
layers

Random Forest Model Classification for
different features sets

D

ataset

Decision Tree n

Prediction n

Decision Tree 1 Decision Tree 2

| Prediction 1 | l Prediction 2 |

Averaging
Predictions

!

Random Forest Prediction

Proc. IMAC2022-XL

CNN-model on speed
normalized STFT

126 267 354
(0.19) (0.25)

Welds

Insulated joints - (&81?;) (oAlél)

true label

Surface defects - (0.20)

N | 270 38 1047
o event (g19) (0.03) (0.74)
o J & S
& N
e,b\ ¥ o
N & ~
N &
« 24

predicted label

Random Forest
Classifier

Insul 0.0093 0.064 0.13

0.0058 0.18

0.036 0.17 H 0.36
Welds | 0.024 ~ 0.24  0.075 ﬂ

Insul  NoEvent SurfDef Welds
Predicted label

(b) Normalized

NoEvent

True label

SurfDef

Normalized confusion matrix
Train score: 0.94
Test score: 0.71
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Data-driven assessment

Acceleration data on weld from OBM or DFZ Database of welds
—— Z AXLE_11 T L4 UUID

 Track position
— * Side (left /right)
Observation DB of welds

Y AaE T  UUID
AU * Campaign

* Image
Extraction of indicators Extreme Value Expert Evaluation
* Longitudinal level DO... Analysis & Outlier * Damage type, urgency,...
« DWT coefﬁ01ent§ Identification Regression & Prediction
Feature computation 25000 1 Strong outliers A

Evolution on weld 86edd18e-b4a5-609a-fd12-ddcd777dc480

AT-Weld with Squat

 Statistical parameters —
* Energy & entropy
Features selection

 All features or empirical

—— y=0.479-exp(0.0085t) r2:0.513
—— y=0.6987 - exp(—0.005t) r2:0.036
41 —— Damage Threshold -

»

b

»
* e

A

Weld Condition Indicator
N
1 *
»
»
»
4 *
a" *
gt M
»

s 0 100 200 300 400 *
selection 5 o x . i —
Max ABA Z [m/s°] 2021-05 2021-07 2021-09 2021-11 2022-01

* PCA,... OO
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Data-driven assessment

Acceleration data on weld from OBM or DFZ Database of welds
—— Z AXLE_11 T L4 UUID

 Track position
— * Side (left /right)
Observation DB of welds

Y AaE T  UUID
oy ‘WW « Campaign

v « Image
Extraction of indicators Extreme Value Expert Evaluation
* Longitudinal level DO... Analysis & Outlier * Damage type, urgency,...
« DWT coefﬁ01ent§ Identification Regression & Prediction
Feature computation 25000 1 Strong outliers A

Evolution on weld 86edd18e-b4a5-609a-fd12-ddcd777dc480

AT-Weld with Squat

 Statistical parameters —
* Energy & entropy
Features selection

 All features or empirical

—— y=0.479-exp(0.0085t) r2:0.513
—— y=0.6987 - exp(—0.005t) r2:0.036
41 —— Damage Threshold -

» i

b

»
* e

A

Weld Condition Indicator
N
1 *
»
»
»
4 *
n" *
gt M
»

s 0 100 200 300 400 *
selection 5 o x . i —
Max ABA Z [m/s°] 2021-05 2021-07 2021-09 2021-11 2022-01

* PCA,... OO
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Extraction of acceleration based condition indicators

Image of event

- Peak acceleration on surface irregularity

Time series Accelerations: o]
g 0
_50_
0.0 0.2 0.4 0.6 0.8 1.0 1.2
position [m]
Longitudinal Level DO:
0.1 1
E
o 0.07
) —0.1 A \

0 T ; \ ; :
position [m]
Dip in Longitudinal Level
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Statistics on Signals (time series, DO, Wavelets,...)

=  Maximum, Minimum, Quantiles (1,5,25,75,95,99)

Applied Machine Learning Days 2022

ABA [m/s?]

— ZAXLE 12T

200

150 -

100 -

Campaign: 2021-03-31T09:09:22.516Z
Event type: Surface Defect
EVENTS.events.ID: c9eb70c8-99b3-4135-819b-c6ca1fc8a561

i ST

-100

-150 -

0.00

T
0.01

0.02 0.03 0.04 0.05 0.06
seconds

Max

Std

Min
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Data-driven assessment

Acceleration data on weld from OBM or DFZ Database of welds
—— Z AXLE_11 T L4 UUID

 Track position
— * Side (left /right)
Observation DB of welds

Y AaE T  UUID
oy ‘WW « Campaign

v « Image
Extraction of indicators Extreme Value Expert Evaluation
* Longitudinal level DO... Analysis & Outlier * Damage type, urgency,...
« DWT coefﬁ01ent§ Identification Regression & Prediction
Feature computation 25000 1 Strong outliers A

Evolution on weld 86edd18e-b4a5-609a-fd12-ddcd777dc480

AT-Weld with Squat

 Statistical parameters —
* Energy & entropy
Features selection

 All features or empirical

—— y=0.479-exp(0.0085t) r2:0.513
—— y=0.6987 - exp(—0.005t) r2:0.036
41 —— Damage Threshold -

» i

b

»
* e

A

Weld Condition Indicator
N
1 *
»
»
»
4 *
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»
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* PCA,... OO
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Distribution of acceleration parameters on welds

Strong Outliers Medium Outliers

Count
Count

0 100 200 300 400

0.0 -0.5 -1.0 -1.5
Max ABA Z [m/s?]

Min DO Z [mm]

What is the threshold at which a weld is defect? What are the
significant parameters defining a defect weld?

Applied Machine Learning Days 2022
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Case study: evolution of a weld until breakout

12.10.2020
16:50:17.311
gDFZ

Keine Erkennung

Applied Machine Learning Days 2022

10.11.2020
10:05:47.158
gDFZ
Schweissung

10.12.2020
12:08:45.769
DFZ

Keine Erkennung

04.01.2021
16:05:22.604
gDFZ

Keine Erkennung

] .
?

01.02.2021
16:33:47.382
DFZ

Keine Erkennung

01.03.2021
16:31:04.293
DFZ

keine Erkennung

29.03.2021
16:31:39.522
gDFZ
Schweissung
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Case study: evolution of a weld until breakout

Distribution of maximum acceleration Distribution of longitudinal level DO

Strong Outliers

Medium Outliers
20000 A

Count
Count

10000 -

after

0 100 200 300 400 0.0

-0.5 -1.0 -1.5
Max ABA Z [m/s?]

Min DO Z [mm]|

12.10.2020 10.11.2020 10.12.2020 h4.01.2021 01.02.2021 01.03.2021 9.03.2021
16:50:17.311 10:05:47.158 12:08:45.769 6:05:22.604 16:33:47.382 16:31:04.293 16:31:39.522
gDFZ gDFZ DFZ

ODFZ DFZ DFZ DFZ

Applied Machine Learning Days 2022
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Outlier scores

Strong Outliers

Count

0 100
Max ABA Z [m/s?]

200 300 400

0 . (ABAZ,max)

score,strong — q98%
(AB AZ,max)

Applied Machine Learning Days 2022

Medium Outliers

Count

0.0 .5

—1.0

-1.5
Min DO Z [mm]
0.5
2 2
(ABAZ,max) (DO)Z,min
OScore,medium = q95% + q95% > 1
(ABAZ,max) (DO)Z,min
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Data-driven assessment

Acceleration data on weld from OBM or DFZ Database of welds
= s 0w
W * Track position
— * Side (left /right)
Observation DB of welds

Y AaE T  UUID
AU * Campaign

* Image
Extraction of indicators Extreme Value Expert Evaluation
* Longitudinal level DO... Analysis & Outlier * Damage type, urgency,...
« DWT coefﬁ01ent§ Identification Regression & Prediction
Feature computation 25000 1 Strong outliers A

Evolution on weld 86edd18e-b4a5-609a-fd12-ddcd777dc480

AT-Weld with Squat

 Statistical parameters —
* Energy & entropy
Features selection

 All features or empirical

—— y=0.479-exp(0.0085t) r2:0.513
—— y=0.6987 - exp(—0.005t) r2:0.036
41 —— Damage Threshold -
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Weld Condition Indicator
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»
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* PCA,... OO
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Obtaining expert feedback on weld condition

I
I
$ Q —

Applied Machine Learning Days 2022

@

1. Data processing: researchers ETH/SBB

Z AXLE 42T

200

100

0

-100

-200

16

‘-‘ I:I 2. InOffice validation: experts
FAAY

18

20 22 2a
time [s]

from automated track inspection
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Delivery of outlier welds

« Detected outliers are delivered to asset managers via:
« Excel + Images

« HTML pages/applets with Events
 Density Maps / Heat maps

Welding With High Dynamic Response Friherkennung von defekten Schweissungen anhand von Beschleunigungsdaten Version 20
Hover to see image, Click to open image S::,e"m"“sperme 2 Valdierung_aDFZ Sepiember Oklober Falls eine Schweissung

m noch nie beurteilt wurde,

Trackicl 9 N10.1- IV 2011 Track:CU 0 N10.1- IV 201.1 W :

235  Covdisti105996.1 Oset2121s Covdstosrz Welds Link zur Arbeitsanweisung soll diese durch den
‘Campaign:2021-04-30T10:50:27.881Z Campaign: 2 4545.847

Oeet1233 Couasea0s 36 10:0053e376 456 26703220 Inoffice-Inspektor

Campaign:2020-10-15T10:40:03 4997 MaxAccZ:231.28 Max - :
10:58501a6F8927-41 a8 246b-b23b61082d83 beurteilt werden.

(axACCY677.84
MaxD0Z:0.35,MinD0Z:-0.47
MaxDOY-0.16, MinDOY-0.14 MaxDOY-0.38 MinD Legende

Wax0070.43 M\]nDnZ 051
WaxDOY.0.52 MinbOY. 017
B 5 hste Beschleunigungen
1 : orange Hohe Beschleunigungen i
f i 2 07 grin Tiefe Beschleunigungen
| 4 grau Schweissung nicht erkannt
i i : . - Bild Bild
] : Position auf 3
f \ ] Kategorie | Kategorie Datum Niederlassung Linie Kkm Schiene (L/R) strang strang Obersicht | {Dexall
: 4 L 06 Vorperiode  aktuell i
3 { \\ - - S x| [~ - - - - 1 [~ 2 |- |schweissung Abweichung ZMON ID Position des Defektes
1 : i 3 : Orange Orange  20211013_111204.267 St Gallen 850 111.606 right SIR22-WIL73.2 44.7 Bild Bild Ja Keine Abweichung Nicht Beurteitt Nicht Beurte
: X S Orange Orange  20211013_150155.206 Winterthur 850 129.781 right SNT 13.1- WGR 64.1 1776.7 Bild Bild Ja Nicht Beurteit Fahrspiegel Rechts
| 1 S Orange Orange nterthur 850 120704 rignt SNT 131 - WGR 64.1 1790.5 Bild Bild Ja Nicht Beurteitt Fahrspiegel Rechts
i ——— VGR 64.1 2476.3 Bild Bild Ja Bestehende Abweichung A-206045 Fahrspiegel Nicht Beurte
2 i TackSNT 131 WGR 64.1 VGR 64.1 2476.3 Bild Bild Bestehende Abweichung A-296045 Fahrspiegel Nicht Beurte
| i g VGR 64.1 2503 3 Bild Bild Bestehende Abweichung A-296045 Fahrkante Nicht Beurte
! Siderlet, VGR 64.1 25817 Bild Bild Nicht Beurteit Fahrspiegel Links
3 ¥ v \ - = B e 5 . VGR 64.1 3262.6 Bild Keine Abweichung Fahrspiegel Links.
Q G g | VR 64 1 3550.0 Bild Ja Keine Abweichung Fahrspiegel Rechts
d 7 5 : VGR 64.1 3602.9 Bild Ja Neue Abweichung A-320794 Fahrkante Links
| % gﬂ Y T P57 :22 2: 1 ; ﬁ ja :eue »:l:)welcr:]ung A-320788 :za:rkan!e : I;nkrs“
2 ; X i i i a eine Abweichun ahrspiegel echts
SlmplB g : Bid Bild g piege
s " -02 ¥ 5 5
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file:///%5C%5Cfiler-proj.mud.sbb.ch%5Comism%5COMISM-hot%5Ce512481%5CPlots%5CSchweissungen
https://amadis.helcel.net/Welds/WeldsMapPlotImages.html
https://amadis.helcel.net/Welds/WeldDensities.html

Defect welds distribution in the validated welds

2 0.2 - ’/bt o:
8

.S -

> .

8 01 4. ; T it IIImmTMTTTr ® Weld Indications W
2 . e  Weld+Deviation

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Oscore, medium
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Data-driven assessment

Database of welds
 UUID

 Track position

* Side (left /right)
Observation DB of welds

Acceleration data on weld from OBM or DFZ

—— Z AXLE1L T
— 7_AXIF_17_T

 VhET  UUID
‘WW + Campaign
N * Image

Extraction of indicators

* Longitudinal level DO...
* DWT coefficients
Feature computation
 Statistical parameters

* Energy & entropy
Features selection

 All features or empirical

selection
* PCA,...

Extreme Value
Analysis & Outlier
identification

25000 A Strong outliers

0 100 200 300 400
Max ABA Z [m/s?]

™)

Expert Evaluation

* Damage type, urgency,...

Regression & Prediction

Evolution on weld 86edd18e-b4a5-609a-fd12-ddcd777dc480

AT-Weld with Squat

—— y=0.479-exp(0.0085t) r2:0.513
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Evolution in time using OBM data

lllustration of the

5
corresponding weld
Regular welds - 4
Outliers without deviation
@ Outliers with deviation
T 10 Y
+ g é, 3
- 6 N
- 4 3
Lo, g'
g L
" 2022-01-0
2021-09-12
: 2021-05-23
¢ S 2021-01-31
"Ackorfye 2020-10-11 1

0
fset [m; 420

2020-06-21
/ 440 2020-03-01
Growth
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In Summary

= Vehicle Track interaction at the origin and driver of fault appearance and growth
= End-to-end validation chain to obtain information about the asset condition
* (Good potential for early detection of weld deviations

Outlook:

= |[mprovement in detection via an expert in the loop approach:
= Ground truth from validations — 0 —
= Bayesian Networks will be used to incorporate the uncertainty due <» T O ‘r

to variability in accelerations and variability in expert judgement. |

= Sensor fusion between AlISI & ABA. I
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We welcome questions/comments/collaboration: ETH-urich
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