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Data-based estimation of cable bundle stiffnesses
Agenda

= Data based prediction of effective bundle stiffnesses
= Introduction of Gaussian Process Regression
= Model setup

= Validation with bundles from automotive application

= Conclusion and Outlook
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Gaussian Process Regression x (@
Data-based approach :

-@w

=5

Dataset

V1
D ={(X,y)}, X = (xg, .., xy)T € RVN*4, y = ( 5 )

YN
Assumption

yi = f(x;) + &, e~N(0,02)

Define function f as a Gaussian Process with given mean function m and covariance function k

F~GP(m, k)

Prediction Task

find y* = f(x*) for a new datapoint x*
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Gaussian Process Regression x(@® ﬁ
Data-based approach : j‘> g g > y
—_— x(@ -

Conditional distribution can be computed analytically:

p(Olx", X,y) = N(m(x.) + K.(K + 07 )7 (y — Mx), K — K.(K + 03 DT'K)

Key prediction equations

Prediction for y, is the mean value of the conditional distribution
y* =m(x*) + K.(K + 621)"1(y — My)
Prediction variance (uncertainty quantification)

0?2 =K,, — K.(K+c2)" KT

\
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Data-based estimation of effective cable bundle stiffnesses
Gaussian Process Regression

a4 /. é l B Training data set ‘ ™

(EID); : eff. Bending stiffness of base cables (EI)B . eff. Bundle bending
(G]); : eff. Torsional stiffness of base cables stiffness

p;: Length cé?nsité/'of base cables ' @ (G])p : eff. Bundle torsional
r, : base cable radius

stiffness
ac . number of base cables within bundle composition

\rb : bundle radius

J

GPR
y* =m(x*) + K. (K + ¢21)"1(y — My)

02 =K, —K.(K+d2) KT

\
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Data-based estimation of effective cable bundle stiffnesses

Gaussian Process Regression

/.8 |8

(EI), : eff. Bending stiffness of base cables
(G]); : eff. Torsional stiffness of base cables
p, : length density of base cables

7, . base cable radius

Q : bundle radius

ac - number of base cables within bundle composition

Training data set

@

(EIg : eff. Bundle bending
stiffness
(G])p : eff. Bundle torsional
stiffness

/ Validation with test data set

/-8 18"

(EI)I r(Gj)l yPi Tyl Ty

GPR

y =m(x) +K.(K+a;D)"(y — My)
c? =K., — K. (K+c2)'KT

-

(EDg : eff. Bundle bending stiffness
(G]) g : eff. Bundle torsional stiffness

~

N\

/
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Estimation of effective cable bundle stiffnesses *D

Gaussian Process Regression : > ?
x (@D

RN

S

= Probabilistic model described by kernel and mean function

= Define process parameter with training step f(xX)~GP(m(x),k(x,x"))
= Kernel scale parameters for rational quadratic kernel
function k Key prediction equations
= Parameter g for linear/ quadratic mean function m Prediction for y, is the mean value of the

conditional distribution

= Noise standard deviation g, ' = m(x*) + Ko (K + 621)~1(y — My)
- * n - Mx

Rational quadratic covariance function

” (m) _ (m)” Prediction variance
k(xi,x;) = of | 1 to2 z c? =K, — K.(K+ d?D7'KT

with 14, ..., Iz, @ > 0: (characteristic) length scale and
d: number of predictors
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Prediction of effective cable bundle stiffnesses

Bundle bending stiffness - fully taped random bundles

Preliminary work e |
— i ;l‘i?r'rsl::ieomnir:itth standard deviation + ¢
0121
¢
= Probabilistic model, with point estimation and standard deviationasar < o1y
= Machine learning approach suitable for application with few data availi =,°%/ * % i
w
= Good results expected for bundles within training data base 0981 %
= Different analysis steps made (Feature tests, sensitivity analysis, differen ~ *| ? $
%4 2 3 4 5 & 7 8 o
Bundle no.
Academic bundles Academic
Rel. estimation error
= Effective bending bundles os T T T ‘
stiffnesses = Effective
= Training with 80% / torsional
test with 20% of the stiffnesses s
data base Training with or + |
80% / test with {;
20% of the ‘%
data base
] Il ettt it S e J
1 2 3 4 5 6 7 8
Bundle no.
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Prediction of effective cable bundle stiffnesses
Preliminary work

= Probabilistic model, with point estimation and standard deviation as a result
= Machine learning approach suitable for application with few data available

= @Good results expected for bundles within training data base

= Different analysis steps made (Feature tests, sensitivity analysis, different model setups,

Academic bundles Academic Bundle from
= Effective bending bundles automotive

stiffnesses = Effective application
= Training with 80% / torsional = V/alidation of
test with 20% of the stiffnesses eff. bundle = Absoluter Schatzfehler:
data base = Training with bending 0,008Nm?
80% / test with stiffness = Relativer Schatzfehler:
20% of the Sensitivity 0, 133
data base analysis
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Prediction of effective cable bundle stiffnesses
Preliminary work

= Probabilistic model, with point estimation and standard deviation as a result

= Machine learning approach suitable for application with few data available

= Good results expected for bundles within training data base

= Different analysis steps made (Feature tests, sensitivity analysis, different model setups,...)

Academic bundles Academic Bundle from Bundles from
« Effective bending bundles automotive complete door

stiffnesses - BEeeive application wiring

= Training with 80% / torsional = Validation of .
test with 20% of the stiffnesses eff. bundle

data base = Training with bending
80% / test with stiffness
20% of the Sensitivity
data base analysis

\
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Process Validation with Cable Bundles from Automotive Application

Bundles from complete door wiring

Variant of complete door wiring

Same condition as it is before assembling (folded and fixed with a
rubber band)

Samples generated by cutting out segments of sufficient length

After measuring the effective stiffnesses of the bundle the taping has
been removed and all base cables were measured

Twisted pairs are handled as one base cable specimen
(cables are not separeted from each other)

All measured components:

18 different base cables
(diameter: 1,3 mm-1,6 mm - 2,8 mm)

4 twisted pairs

Measurement techniques:
MeSOMICS bending stiffness

Standard torsional stiffness
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Process Validation with Cable Bundles from Automotive Application

Bundles from complete door wiring

Bundleno. half _______________________lfuly

1 4 base cables, 2 of them are twisted pairs 7 base cables, 3 of them are twisted pairs
2 12 base cables, 4 of them are twisted pairs
3 5 base cables, 1 of them are twisted pairs
4 7 base cables, no twisted pairs
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Comparison between Training and Test Data
Effective Bending Stiffness of Test Bundles

—
Bending Bundle Stiffness for half taped bundles
0.18 ! ! I ‘ l ! I —min training data
I—max training data
0.16 i test data
] Effective bundle bending stiffness is at the lower boundary
1 of our training data set
0 0.2 0.4 0.6 0.8 1 1.2 1.4 116 1.I8 2 m———————— e mmm_—m—_—_—_———
Bundle no. I «10°73 Benf:llng Byndle Sltlffnesls for fl.ll||y tapled bunldles |
Bending Bundle Stiffness for fully taped bundles | 10} 11
I of 11
0.2 —min training data || | 8 1 I
= —max training data " —
test data I - 7F —min tral_m_ng data |
0.15 i £ &l —max training data_
- 1 2 test data |
z & °f 11
o 0.1 4r T
o I |
° 11
0.05 I 2r 1
zoom I 1 |1
|
0 I 0.5 1 1.5 2 25 3 3.5 4 45 5 I
1 1.5 2 25 3 l Bundle no.
Bundlero. === smEsmssmEsmssmssmEsmEsmEsmEsEEmEsT
= -—
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Comparison between Training and Test Data
Input Features for Effective Bending Stiffness Estimation of Test Bundles

sum(r_) for half taped bundles

0.06 - 1
— —min training data| |
0.05 —max training data
E * test data
0.04 I
]
Eo.03F 1
[—
0.02 9
0.01 9
*
0 1 1 1 1
0 0.5 1 1.5 2 2.5
Bundle no.
sum(r.) for fully taped bundles
0.06 - I

0.05F
0.04
Eo03
0.02

0.01

—min training data
—max training data
test data
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[m]

“10° rg for half taped bundles
100 J
9 —min training data| |
—max training data
8 * test data 4
7 -
6 -
5 -
4 -
3 -
2 -
1 1 L 1 - |
1.5 2 25
Bundle no.

«10° rg for fully taped bundles | .
min training data
10 L —max training datal|

o test data

8 -
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3 -
2 -
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Bundle no.
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\

=

[ka]

[ka]

Fraunhofer

sum(rho, )*sum(r.)/a. for half taped bundles
c

min training data g
—max training data

* test data

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Bundile no.

sum(rho A )*sum(rc)lac for fully taped bundles
c

—min training data
—max training data
test data

1 1 1 1 1 1 L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Bundle no.
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Comparison between Training and Test Data
Input Features for Effective Bending Stiffness Estimation of Test Bundles

= All input features required for
effective bending stiffness
estimation lie within training
data boundaries

= Test bundles are more flexible
and consist of thinner base
cables than most of the
training bundles

10 sum(EIc) for fully taped bundles
5k
45
—3F
&
E
=z
=
1 L
o
1 1.5 2 25 3 35 4
Bundle no.
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sum(EIc) for half taped bundles

*
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Bundle no.
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test data

—min training data [|

Bundle no.
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sum(rhoAc) for half taped bundles

—min training data
—max training data |
* test data
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0 0.2 04 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Bundle no.

sum(rhoA ) for fully taped bundles
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o
= L
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Estimation Results
for Effective Bending Stiffness Estimation

= Comparison of estimated bundle bending stiffness and
measured effective bending stiffness

= Additionally, measurement range of test bundles is
illustrated, which is quite large

- Very good result for the half taped bundle

- Estimated bundle bending stiffness too high for the first two
test bundles (but looking at the measurement range, this
result isn‘t as bad as it seems...)

- Very good estimation results for fully taped bundles no. 3
and 4
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Effective Bundle Bending Stiffness El, half taped bundles
0.01 T T

I méasurement range
+ estimation
0.008 [
<’ 0.006
5 +
= } Abs. error:
m 0.004F 0.0008 Nm?
0.002
0 L Il
0 0.5 1 1.5 2
Bundle no.
Effective Bundle Bending Stiffness El, fully taped bundles
0.02 T T : x
measurement range
T + estimation
0.015F
“t
Z 001} T
_m
w
0.005F
+
+
0 Il 1 1
0 1 2 3 4 5

Bundle no.

Abs. error: 0.0077 / 0.0115 / 0.0002 / 0.0002 Nm?
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Estimation Results
for Effective Bending Stiffness Estimation

Bundle Composition taping | Rel. prediction Most of the effective bundle bendin
error for Elg . . . Dending
stiffness estimations (3 of 5) lie within

4 base cables, 2 of them are twisted pairs  half 0.1651 the desired 50%-error interval
1 7 base cables, 3 of them are twisted pairs  fully 2.5171 = \Worst estimation result observed for
_ the bundles with the most twisted
2 12 base cables, 4 of them are twisted 1.7235 pairs (bdl. 1 & 2, fully)
pairs '

= Best estimation result for the bundle

3 5 base cables, 1 of them are twisted pairs 0.1462 without any twisted pair (bdl. 4, fully)

4 7 base cables, no twisted pairs 0.0923

- The estimation of effective bundle bending stiffnesses works well for bundles, which do not differ widely in

their composition and feature values
-> Twisted pairs vary strongly from the ones used for GP training = training data set should be extended
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Comparison between Training and Test Data
Effective Torsional Stiffness of Test Bundles

Torsional Bundle Stiffness for half taped bundles

0.35 1
03} ] Effective bundle torsional stiffness is at the lower boundary
T ] of our training data set.
NE - . e | - -
S - — max training dat Two test bundles are very torsional elastic compared the
b 0155 ! test data E . w
. training bundles.
0.05
0 Il 1 1 1
0 0.5 1 1.5 2 2.5 3 e e e e e e e e e e e e Y Y Y Y
Bundle no. Torsional Bundle Stiffness for fully taped bundles |
. Torsional Blundle IStii‘fne?s for flully ta|:loed bm:u:lles . i iraining data |
018 —min training data | —tme::;;atianing et I
016 [F —max training data| - I
test data I
I
I
I
I
I
| 2:5 :Is 315 :t l
: L : L L L : L .' : Bundle no. |
0 05 1 15 2 25 3 35 4 45 5  mm mm omm oemoem e e e e e e e e e e e e
Bundle no.
— —
Seite 18 — Fraunhofer 7 Fraunhofer = Fraunhofer

W I1AIS ITWH



Comparison between Training and Test Data () for T Taps Thances

0.02 E

Input Features for Effective Torsional Stiffness Estimation of Test Bundles
I —min training data
— —max trainingg data
0.015 I * test data
“E
. _ _ = 0.01
= One important process feature — max. torsional stiffness of all .
base cables — is too low compared to the training data set 0.005
I *
OF f ‘ i | i i ‘ i | -
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
max(GJ.) for fully taped bundles
10" max(GJc) for fully taped bundles 0.02 = l I I I l
200 I : : I —
:xlar;ttrrae:inr:;%%zt; B —min training data
test data I —max training data
151 i 0.015 test ctlata 8ot
‘Em_ | 5 0.01
Z 5— -
0.005
0_ -
N R AR TR R < woor ) s —
Bundle no. 0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
I J
Bundle no.
— —
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Estimation Results
for Effective Torsional Stiffness Estimation

= Comparison of estimated bundle torsional stiffness and
measured effective bending stiffness

= Additionally, measurement range of test bundles is
illustrated

- Very good result for the half taped bundle
—> Very good result for the first two fully taped test bundles

- Estimated effective bundle bending stiffness too high for
bundle no. 3 and 4 (fully taped)
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Effective Bundle Torsional Stiffness GJB, half taped bundles

0.014 :
f measurement range
0.012F + estimation
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—20.006|
(O]
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Abs. error:
0.002 - 0.0005
0 1 1
0 0.5 1 1.5 2
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Effective Bundle Torsional Stiffness GJB, fully taped bundles

0.025 T T T T
measurement range
0.02+ + estimation
& 0.015F T
E +
m
2 0.01f 1
o
0.005
+
0
0 1 2 3 4 5
Bundle no.

Abs. error: -0.0043/-0.0009/0.0142/0.0114 Nm?
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Estimation Results
for Effective Torsional Stiffness Estimation

Bundle Composition Rel. prediction | Rel. prediction
error for Elg error for GJ;

4 base cables, 2 of them are twisted pairs  half 0.1651 0.0741
1 7 base cables, 3 of them are twisted pairs  fully 2.5171 -0.5766
2 12 base cables, 4 of them are twisted pairs 1.7235 -0.0823
3 5 base cables, 1 of them are twisted pairs 0.1462 10.6790
4 7 base cables, no twisted pairs 0.0923 7.2419

M Base cables in bundle 3 and 4 are too torsional elastic compared to bundles from training data set
- bad estimation results, as expected - training data set should be extended
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Conclusion and Outlook

e}
= Successful usage of well-sorted data downloaded from ontology x@D ) A ﬂ [ ___
. : y

= A ML algorithm is developed, analyzed and trained for the estimation of @ 7 |9 C R 4

effective bundle stiffnesses X
= The ML algorithm is successful for bundles, which do not differ widely in

their composition and feature values
Outlook
= Data set extension (bundles with twisted pairs, thin and more flexible

base cables,...)
= Further customized measurement campaigns
= Model setup modifications, new features and additional ML training
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Vielen Dank fur lhre Aufmerksamkeit!
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Bereich Mathematik fir die Fahrzeugentwicklung
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