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Abstract: AutomotiveNoise, Vibration and Harshness (Ndd)ieoften causecostly customer complaints. In particular,
NVHof the brake system is critical faubjectiveratings of vehicle safety and passenger comf&ecentlyespeciallya
stickslip inducedow-frequencyphenomenon the soecalledbrake creep groanhas become increasinglielevant In
order to avoid this brake NVH problem within upcoming automobile flegtailativeand/or experimentalparameter
studiesthroughout allindustrial brakedevelopment stageare indispensableTo this endreasonable and efficiemntata
analysismethodsare necessaroo. This kind of sighalssessmenthallenge iaddressedhereby means of a method
whichapplies techrues ofArtificial Intelligence (Al) or Artificial Neural Networks (ANNS) respectiedybasis for this
is a large numberof generically synthesisedrake componentaccelerationspectrawhich representsdata in the
frequencydomainwith and withoutcreep groan Ths generic datais usedto create specificallyelaboratedpattern
recognition ANNsEventuallythe proposedapproach providean integratedframework ofconditionedANNswhichis
supposedo detectandseparatenortinearsignatures oflifferentbrakecreep groarvibrations. In order toexaminethe
Y S (i K Driadiical limitations, additional data sets ofsyntheic accelerations includingeneric noise have been
considered, and moreovaggaugedaccelerationgoncerning two test rig setuggve beenaken into accountAlthough
the devisedtreep groaranalysisapproachisdesignated foautomotivebrake development workflowis principlecould
be appropriatefor similarNVH problems or signahalysis taski other engineering fieldalike.

Key wordsartificial neural networks, brake vibrations, creep groan, pattern recognition, signal analydislip

1. INTRODUCTION
1.1. Automdive BrakeNVH

For some years now, the automotivedustry has been ’U\ﬂ
facing immenselyincreasingrequirements fortechnical, ;
economical, environmental andeopleoriented aspects
for a manifold range ofever fasterdeveloped vehicle
types This alsacounts forautomotive Noise, Vibration ..
and Harshness (NVH) issues which are potential }
misconstruedby drivers and passengersseyiousquality ==
deficits, or even as system malfunctisn Hence
automative NVH requirements involveinherently
safety-critical frictionbrake systerain particular. Fig.1. ParkingPilot/ GaragePilotenableremote
operabilityd & S E (i S Nydddptedifrarhifl. &S NE

Beyondaspects relatedo caroccupantsxclusivelyoffer

soundemitting brakes annoyance potential for external However, brake NVH affecteke subjective perception of
individualstoo. Akay 1] mentioned a surveyfromthe | OF WR®&®2NJ 6N} yYRQa O2YF2NI |y
1930s whiclstated brake noise as top-ten urban noise advanced technologiesuch as those just referenced
pollution problemof New York CityNowadaysin case of entered the market. In 1991, Crolla and LaBigpfesented
up-to-date (sem) automatedvehicle driving modes such research data concerning reported brake faudfter the

as ParkingPilot or GaragePilot, an externally affected market launchof five dfferent Eurgpean passenger car
personouldS @3Sy 0SS GKS leBigldahdp] dasBried BaiSeddhup todl-$earold type, brake noisevas
respectively. indicated with a dominant quantityln the early 2000s,
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Akay [L] referenced to industry sudies which assessed 1.2. Topicality and Phenomenologgf Cregp Groan
annual costs of brake NVH warranty claims on the North
American market around one billion dollar. According to &he main reasondor a growing attentiontowards the
paper of Abendroth and Wernitz4] from the same creep groarissueare an incrased customer expectation
period, leading automotive friction material companiesin conjunction witha reducedvibro-acousticbackground
spendalmost50 % of their engineering budgetdirectly or sound level of advanced engines and powertrains.
indirectly on measures against brake NVH problems. A feWherefore creep groan is problentia for highpriced
years later, Bittner §] mentioned a comparable cost and/or electrified passenger cars with disk brake systems
componentfor the automotive brake system supplias a in particular Nevertheless,it is also present for drum
whole. A J.D.PowerStudies North American market brakes and/or commercial vehicles which is pointed out in
survey from 2014 B], which rested upon more than a publication by Karabay et alL]]. Their workincludes
40.000responses by original owners of up tey8arold market surveys, alue and failure analyses as well as
automobiles, yielded two different brake NVH problemdroubleshooting measures concerning a specific light
within the top-five complaints A Japanese marketusly truck.
from 2017[7] reported NVH offriction brakes asa major
inconveniencdor around 2% of roughly19.000 involved Various creep groan phenomena ofllasystens have
purchasers. comparable origination situations with associated
characteristic spans of certain operational parametiers
Thus vibro-acoustic friction brake emissionsntail an common Accordingly, the brake pressure is moderate and
undesirable circumstance of high prioritPne of these, a very slow vehicle velocity near standstill piesent
the socalledbrakecreep groan phenomenoris in focus whereby the occurrenceof creep groans favoured from
within this article. In the typical automotive (disk) brake cold and/or wetenvironmentsin particular Since the
NVH classification charh Fig.2, which isbased onan mentioned simultaneity of botloperational parameters is
adapted literature condensation including 5] by in some (sem) automated drivingmodesa potentially
HuemerKals 8], one can imaginevia the sensibility mandatory situation for safety reasons, e.dor remote
examples in9] that selfexcited creep groan wituatedin  controlled parking or duringctivatedstop-and-go driver
the tactile/audible frequency rangef human perception assistance featurescreep groan tends to become
progressivelymore relevant within automobile fleetsf
o ' ; ' the next decade. However, concernipgevious vehicles
: with standardautomatic gearbogsit has been a known

Low- High- H
S but often secondarily treated brake NVH problem.
Squeal : Squeal
Oscillation characteristics of creep groan phenow@eith

L 1 mechanical and tribological component influences have
{ Cold Judder M HolJudderJ not onlybeen outlined in former works of the authors, e.g.
5 = = ST [12, 13, 14], but alsoin specific book chapterand in

frequency [Hz ] studies of ¢her research groups, e.g.9[ 10, 11

Accordingly, creep gan isrelated to a physicallynstable

Fig.2. Typical classification @ommon(disk) brake NVH  triggering mechanism which istiibologyfieldsdescribed

phenomena adapted from §]. as stickslip effect. This sekxcited process at the main

friction interfaces leads to periodic ndmear

A comparableverbalisedclassification can be found in low-frequency brake and chassis vibrationgith large

[10]. Although further fragmentationin terms of brake component deflections Accompanying shoterm
NVH is possible, e.g0 &pectraland/or phenomenological structure-borne noise disturbances appear inside and

subdivisions ind], or even 15 terminologiesin [1], the outside the car with relevant contents up to 561.
creep groan issue remains one of the madientones

self-excited

vibration type / excitation mechanism
forced

1.3.Al andANNSs forPattern Recognition

According to he typical distribution of warranty claims,

which has been outlinedgraphically by Barton and More and morecompanieshave started to see redife
Fieldhouse10] based orthe report of ahigh performance benefits of Artificial Intelligence (Ainplementatiors.
vehicle manufacturerjt owns the third largest share Early adoptersof Al are mainly fromsectors with a
Independent of thatexemplary claim distributioncreep  data-driven background such asthe financial service
groanhasasteadily increasing relevance for all commonlyindustry or the automotive area e.g. concerning stock
installed brake types and chassis designs withiwehicle trading or in terms of low-frequency interior noise
segmens due to several reasonsuch as described evaluation [B]. Beyond suclnitial adopters is nowadays
hereafter. a wide range of stronglyligitalised business sectorgist
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like complex technology fields supported byassated 1.5. Article Structure
varietiesof Al, as outlined by Bughin et 41.6].

Representativebrake component acceleration signals of
Atypicalapplicationof Al ismachine learning witlpattern  creep groan apparances, which were recorded witivo
recognitionas one ofits major brancles Rosenfeld and different setups insimilaroperational parameter studies
Wechsler 17] summarisedhistorical perspective and at corner test rig level, are discussiedsection2. Theidea
expectedfuture directionsof pattern recognitionwithin  behind the simplification oftharacteristic creep groan
their article almost20 years agoThey describé pattern  signatures in order to synthesise a high amount of more
recognition asone of the most importantdnctionalities or less realistic acceleration frequency spectra generically
for intelligent behaviair which is displayedn biological is presented in chapte3. These specifically synthesised

and artificial systems alike.A prominent biological
example is theletectionof foreign intruders iran organic
body by specific cellulaantibodiesin orderto ensurethe
K 2 adiur@ial.Formanmadetasks apreparedAl seeks
to applyapproximating functioswith the lowest possible
probabilities of misallocationsfor the evaluateddata set
Thus, the pattern recognition problems akin to themore
general issuef statistical regressionlypicalartificial use
casesare opticalcharacter readerdo comprehendand
separate written letters or text modules biometrical
algorithmsto identify personsby means offingerprints,

data sets are used to delop differently elaborated
pattern recognition ANNs whicére content of sectiord.

Then, adata set of synthetic spectrancluding noise is
processed to checkhe wellconsidered framework of
conditioned ANNSs In addition, setshased onmeasured

accelergion data get involved tassessi KS FNJ YSg 2

capabilities in amore realistic way. Bothverification
strategieswith previously unseespectraare discussed in
section5. Suammaryand conclusiomf the newapplication
method are drawnin chapter6. Eventuallyprospectson
feasible refinements and further research steps are

iris, face orspeech andfurthermore, medical analyss to  content ofsection?.
find anomalies irheart electrocardiogrars. Liu et al. 18]
have listed further applicationfields such as linguistics,
meteorology like exemplarily showrn [19], philosophy,
psychologyrobotics or even veryspecialisecareas e.g.
ethology. They tracd the latest progresseespeciallyto

recenttechnology trendsuch asocial computing

2. REPRESENTATIMEEEP GROAN SIGNATURES
2.1. @rner Test Rig Experimentsith Two Setups

Typical signatures of creep groaibrationsare discussed
here via brake component acceleration sigealThe
accelerations were gaugedt the disk brake callipers of
two dissimilar automobile front corner setups. Design
models of theseexcludingthe wheels are shown true to
scale together in Fig and[14] respectively.

However, modernrmathematical/empiricalfunctions for
pattern recogntiion rest upon Artificial Neural tworks
(ANNSs) According to[15, 17, 19, 20, two coherentdata
sets are necessaryin order to obtain the requested
functionalities. For secalled supervised learninghese
are input signalqvariables)which are availablein the
function<development pocedureas well as irthe later z
application, and furthermore, output targetésariables)

which areusually knowrnin the setup processexclusively

1.4. Problem Definition’ Aim of Study

Creep groan phenomena arehallengng for automotive
NVH engineers. In view of this circumstaniteovative
investigation methodsand industrially implementable =/
routines are necessary. Theséauld help to devise and M .
optimise efficient remedial technical measures in P
upcoming vehicle development projects. For this purpose,
the authors have already published concepts of new
experimental and/or simulative methogds.g.[12, 13, 14].

Fig.3./ I £ t ALISNJ I OOSt SNRY¥S i §RI L.
GFRIOLE 2y FTNRY (G O2NKRS NI eaLss (68
It is only natural that compreheis creep goan adapted from 4]

investigations which lead to a vastamount of data ] . . A .
require reasonable and efficient data assessment tools! '€ desigon the left named typeu L € 2 0 Sspatty’ 3a U
This kind of signal analysis taskaddressed here vian grand tourer,whereastype a Ladn ¢he right illustration is

innovative creep groandlassificationmethod based on iMmplemented ina compact van. As one can see, typé &
pattern recognitionANNSs. follows the double wishbone suspension principle with

fixed calliper brake modulelyped Ldn ¢he rightis built
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with a MacPherson suspension assembly includingvhich contains the depicted short segment of Osléh
floating calliger brake construction. @h setups had, each case. This results in an appropriate frequency
among other sensors, a miniature triaxial accelerometeresolution of exactly Hz up to the practically chosen
glued to the upper surfacef the calliper. Nevertheless, boundary of kHz.
only the signas according to vehicle-giredion, named
Gl 010 | yoR Lag adlly of relevance. Detailed explanatiors of creep groan phenomenavith
extensiventerpretations of similaselfmeasured calliper
Qreep groanof both setups was investigated atdrum  acceleratiors have already beenlocumentedin [12, 13,
driven suspension and brake test.rltis pictured with an 14]. Apart from that, Akay 1] showed and explaied
exemplary front corner setupf the left vehiclesidein  comparable time plots and frequency spectra related to
Fig.4 and [L4] respectively. other friction-induced vibration mechanisms.

The two diagrams without creep groashow comparable
acceleration patternssee Figh and Fig6. It makes no
difference that dissimilar setups wergested regarding
opposed oriented drum rotationgith velocitiesunequal

by the factor4d. Thus both comparabletime signals
contain low fluctuations which argust related to small
corner setup oscillations as well as subordinate test rig
vibrations andor unproblematicmeasurement noise. A
FFT leads to spectra with flat broadband bumps and
relatively lowandnarrow decibel (dB) peaks.

Fig.4. Drum driven suspension and brake testfog
creep groarparameter matrix expements adapted
from [14].

x-acceleration [ m/s?]
o

014

. ‘0;1 . ‘0,12, 046 .
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LYT2N¥YIFEOGA2Y F02dz0 0KS GSad NAIQa

with adaptable functionalities as well as iisterface g t ‘

constructionsfor the mounting of automobile cornes, 3 of

and furthermorei KS G Sad NXega@mgm&n L3 8°f
]

-

201

operational parameters and basic envirormental 22
conditions under controlcan be found in 12). The sot
previous work also describes an innovatisgstematic 0 50100 200 300 400 500 600 700 800 900
creep groan investigation approastith its well-defined frequency [Hz]

sensitivity experimentsin detail This test matrix
procedure leads torather extensive acceleration data
sets. Basicallythese data setsallow comparisons of
defined combinations of brake pressure and drum
(vehicle) velocity for different mechanical anbbr
tribological componenvariants

Fig.5.! OOSt SatdxideA 2ayht Gokepgroan
4 bar / 0.04km/h.

. =N
0o uvo oo
— T

The twomentionedoperational parameteravere gauged
YR FR2dzaGSR @Al GKS GSad
givenrateof100 1 = g KSMNBEE &l R A& &
been recorded separately with KHz.

7

@03 0.02 0.04 01.06 0.08 0.1 0.12 0.14 0.16 C
time [s]

O« x-acceleration [ m/s]

2.2. Gilliper AccelerationSignal Patterns

In the following,a diagram with amcceleration recording 60 4
including itscomputed FasFourierTransform (FFTis '80(; TR R R TR R
presentedfor each ofthree distinctivebrake creep groan frequency [Hz ]

vibrations oftypea L ¢ F YR L&E&INSALISOGAOBSted ¢KS CC¢ o
with an upper calculation lithadjusted to kHz applies a Fig.6.! OOS Tt S NIxilewRhgut cieepgroan
Hanningwindow of 50% overlap to an & time segment 4 bar /-0.16km/h.

x-amp. RMS [ dB re 1 m/s?]
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The two typical examplesof creep groanwithin the
deeper frequency arealepicted in Figz andFig.8, reveal
strong accelerationswith more or less pronounced
non-linear charateristics.

Therefore, thecharacteistic spectral behaviour ifound
to be an appropriate critean within the introduced Al
approach Accordingly, the observablegularpatterns of
the specta are of relevance.
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Fig.8.! OOSt S NIxiiéh 24/A HrkeréPryroan
10bar /-0.04km/h.

Fig.10.! OOSt S NXxdigéwRhy86 Hz kréePgroan
7 bar /-0.08km/h.

All shown instances2 ¥ 4L ©O | y-RL L&l ONB F SN
differently combined operational parameters whialere
representatively choseout of the existingtest matrices
Further comparable experimental and/or simulative creep
groan signaturesegardingboth setups can béound in
All four acceleration time data plots have a relatively steepl2, 13, 14]. Therelated master thesis by Hmer-Kals §]
andrather high amplitude(amp.)peak which is followed contains additional experimental examples

by some less intense fluctuatis or damped natural

oscillations respectively. This strikingignal pattern 2.3. OperationalParameterSensitivityStudies

repeats accurately with a specific interval according to the

dominant stickslip transition The tribological switclover  Although frction at micro- and macroscopic scale with
appears in the shown instancesth 18Hz, 14Hz, 10z respect to vibreacoustic effectshas beenintensively
and 86Hzrespectively If applying a FFT on such kinfd ostudied by many authors, e.g. reviewed id][ there are
periodic nonlinear signal, prominenRoot Mean Square open questions on specific frictisnduced mechanisms
(RMS) dbpeaks of usually different heights will result atin variousengineeringfields. To a certairextert, this
multiple intervals of the basic frequency. Thaém be sen  applies to the nodinear behaviour of creep groan
in the spectra of all four creep groan phenomenavibrations However, the systematic investiga

Moreover, the two calliper x-accelerationsconcerning
creep groarvibrationswithin the upper frequency area,
shown in Fig9 and Figl0, also represent distinctive
non-linearsignatures
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approach published in [12] enables already abetter opposed drum rotations. A®ne can see, eaclthart
detection of other non-linear influencesapart from the reveals two different frequency areas for the basic
evidenttribological interface, e.g. those of axle elastomerstickslip intervalwhich is indicated visa certain colour
bushingsTherefore changingsubsystenoscillationsvith and the corresponding numeric frequency value.
specificcomponentparticipationsare alsoidentifiable. Moreover, a relative occurrence (rebcc.) of each
enabled basic frequency is reportedSince comparable
The non-linear influences due to operational parater frequency areashave evinced for all automobile front
variations can be recogniseth the form of zonally corner setups tested so farthe adjusted frequency
switching basic creep groan frequenciesttie so-called window between9Hz and 119Hz results just fronthe
Creep Groan Map (CGM).was introduced in 2] with | dz{i K 2xdédiiéhce. A presence of two prominent
190 operational parameter combinations of brakestickslipfrequency areagn eachCGMbecomesespecially
pressure and druraelocity. An adapted CGM with merelyclear, if brake pressureshigher than 10bar are
49 test matrix entries and reduced complementaryconsidered compare tq12, 13] Neverthelessthe shown

information is illustrated in Fidl for typed L ¢ | ytd®t matyEescontain all relevantsubsystem interactions
Fig.12 fortype 6L le&pectively which are potentially activated during creep groan
appearances Note that te previously discussed

3 = | x-acceleration examples are bordered with dotted circles.

rel. occ. [ %]

u., e resened u In order to derive a CGM, the evaluation algorithm

presented in12] is appliedlt rests uporspectralanalyses
with well-considered adaptable queries Thereby, the
method is fairly well able to distinguish-accelerations
with creep groanvibrations from those without. As
depicted before, the deterministic algorithm isalso
intended tocategorisethe basic frequency of creep groan
Because nly if it is determined the brake NVHissueis
treatable holistically Of course also superharmonic
spectral contents of the friction-induced excitationare
examinableviathe algorithm In prospectivedevelopment
steps, sourcedrain properties towards a passen$§ NI &
perception according to asibro-acousticchain of effects
such as pictured by Marschner et al. 9], might be

Fig.11.CGMofi @ LIS & L ¢ o A (eitriesotp (C8qulged gnd gmpipvedIndependent of thatvision an

0.14r
0.12f
0.10r

0.08 @

0.06F

target wheel velocity [ km/h]
6006
00606
- 00000
- 0000006

0.04f o

0000000

| L |
4 5 6 7
target brake pressurp  bar

i
o

brake pressure forward drum velocity evaluation ofthe exactfrequencycontentssupports the
interpretation of design benchmarks and/or material
s 3 ' studies and gives feedback ompotentially switching
g = : subsystem interactions fronthe upper to the deeper
5 N e reaens AMMMMMEE  frequencyareaor vice versa.
-0.04r @ 1 Nevertheless, reliability and accuracy of the currently

applied deteministic evaluation methoduffer, if fuzzy

ed acceleration time signaluch as depicted in Fi§appear,
008 (8 1  orevenif the adaptablequeriesare improperly chosen
-0.10} _ The proposed Al approach aints deliver stepby-step
advancementsin order to overcome thesepresent
deficiencies Whether and howthis isrealisableis under
-0.14F 1 investigationwithin this study.

-0.06f b

-0.12r B

target wheel velocity [ km/h]

-0.16f o -

4 5 6 7 8 9 10 3. GENERIC SYNTHESHSACCELERATION DATA SETS

target brake pressurp  bar

Fig.12.CGMofi 8 LIS aLL¢ 6 Achtfesai p a-d AnGUORIEY PRiYPEnput Signald Output Targets

brake pressure feversedrum velocity. Besides the capabilities of th@atternRecognitiorapp

ithin the ANNToolboxprovided byMATLABR2016athe
INBASYGSR | LILINRIF OKQ&a LINRAY OA L.
ata setsof different acceleration frequency spectria

Both evaluations are based on comparable operation
parameter spans with identical brake pressures regarding
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particular. These are relevant tgeneratean integrated The values for each of the 10 spectral attributes used to
framework of112 autarchicANNs(see alsachapter4.2.) compile the 242.757 unique input spectra for tioaly
in total. GLINA-NbBDE OFy 0S5 SabielNlo@ihasd R 2 d:
eightof theseattributes are actually varied.
Since not enough measurements regarding possible creep
groan manifestations (between 19z and 11%z) were attributes
available in order to do so, an acceleration generatiol | index | «@- @ @ @ @ @ @ @ TR
formalism has been designed.dtvolvedfrom subjective : YT R pIVE
inspectionsof hundreds of frequencyspectra with and farab® [requency noise (i re 1o attenuatio
without creep groan vibrations Additionally, it has o To T 50T 303 3T 0 T BT 1
similarities to the evaluation algorithm gposedin [12]. incremen{ 1 | i | 20| 20| 20| 20| 10 | 10| 10 i
Ashinted, the generic formalisnenablesa reproducible maximum| 119 | ¥ | 10| 10| 10| 10| -10 | -10 | -10 i
creation of extensive data sets of synthetiaccelerations nput spectra (1 Hz ... 1 kHz)
or input spectra respectively. To this entypical creep kel Ei TS T M L T -
groan signaturs aresimplified vialO adjustable spectral
attributes which ae visualisedn Fig.13.

values

cumulative - al 111 111 333 999 | 2.997| 8.991| 26.973 | 80.919 | 242.757) 242.757

options [ #]

é - frequlency 1 3 9 27 81 243 729 2187 2.187

1 ‘ ‘ ‘ ; Table 1 Attributes of242.757genericinput spectrato

OO 4 2 ] obtainoned LINRA-Y b blE bagidrdgliency
I ? Qi) ? C% C(:? C;:D C% nOs | categorisation

. B N Wty st s Sfied wlle B
I
I
I
I
1

As one can read on the right side of the lowest table row,
2.187 spectrum options per creep groan frequency are

x-amp. RMS [ dB re 1 m/s?]
®

@ roquency [Hz] available. Thisquantity is broken down in the listed
combinatorial calculationn the following, four examples
F|g]_3 Attributes ofthe generic spectra illustrate the considered amplitude range limits. ng

shows the two borderline cases of 8lHz input spectra
By means of thesewell-considered attributes, 112 and Figl5 thoseof 119Hz respectively.\ien thoughboth
Separate data sets Of Imut Signa|s have been processed instanceat the IOWer rangeWOUId not be rated as Creep
Of course related odput targets were defined alike, It ~ groanvibrationsin the end, it has naelevance forthe
should be noted thatthe basic conceptin terms of determination ofa basic frequencwhich is the exclusive
synthesised data sets fothe elaboration of pattern task of thed LINA-Y'b DIE @
recognition ANN#as alreadybeenfollowedin the broad
area of automotive NVH, e.g. by Lee and (i&g

Theso-calledd LINA-Y b bi&ee alsachapter4.4.)deals

with the basic frequency categorisatioti refers to a 60 —operrange
reproducible data set of 242.757 input spectra. The 11¥ s} ‘ ‘ ‘ ‘ ‘ ‘
socalleda a S O 2-y R b @de alswhapter4.5.) which % 0 50100 200 300 400 500 600 700 800 900
are meant for creep groajudgement are based on freavency [1iz]

82.944 reproducible input spectra per relevant basic
creep groan frequency. All syntti@x-acceleration signals
have a frequency resolution of Hz up to theuseful
boundary of lkHz. Thelemandedacceleration amplitude
peaks are achieved viaaddition of supetharmonic
in-phase sine oscillations below a given limit &Hz. To
this end, a time domain resolution of Xz is provided 1
and the basic frequency tfie fundamental sine wave is  -60f — upper rang¢
variedstepwisefrom 9 Hzto 119Hz. The superimposition oL, ‘ s i i i i ‘
is followed by a FF3imilaras described in the previous 0 50100 200 300 ?r%(;uenffol Hzfoo 700 800900
chapter. Thus, all eqlig spaced peaks areealistically

supported from adjacent frequencies. An adaptable Fig. 5. Amplitude mnge limits of 2.187 generic input
bandwdth of white noise as well asan amplitude spectrato describel19 Hzasic frequency

attenuation, which diminishessuperharmonic orders

above an initial attenuation frequency equal to theThe values for each of the 10 attributased to compile
seventh accelerationamplitude peak with 1dB/octave, the 9.206.784 singularlgombined input spectra for the

are both implemented in the frequency domain. MMM FEOSNY oD% £a 0$ Q2 oS MBS Sy

anh RMS [ dB re 1 m/s?]

Fig. 14 Amplitude ange limits of 2.187 generic input
spectrato described Hz basic frequency.

T

-40F

x-amp. RMS [ dB re 1 m/?]
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Onceagain merely eightof these spectral attributes are later stage, also a genenerificationdata set islesigned
actually varied. Its mixture made of 909.312unique input signals is
gathered in Tabl&.

attributes
index @ @ @ @ @ @ @ @ @ attrIbUtes
. basic | white x-amp. RMY index O @ @ @ <:F> @ @ @ ‘@*
variable . x-amp. RMS N
[ unil] frequenc noise [ dBrel m/SZ] attenuation| basic White amn. RV4
[Hz] |[~] [ dB/octave variable . x-amp. RMS p- RMY
ini 9 [-350m0] 26| 26| 26| 26| -27 | 27 | 27 1 [unit] |reduency noise [dBre 1 m/s?] attenuatiof
minimum -35(0) - - - - - - . - [Hz] |[[—] [ dB/octave
increment 1 i i i T i i i i i g |_minimum 9 |-35(0)| 25| -25| 25| 25| 25 | 25 | -25 1
g teve! L L 2 2 T 2 I I i g|dncrement 1 | lw | 10] 10| 10| 20| 10 | 10 | 10 i
. - > medium
g | levell i i | 19| 19) 19| 19| -18 | -18 | -18 ! maximum| 119 | ngh | 5| 5| 5| 5| -15| -15 | -15 i
level 11l i i 4] 14 14 140 i i i evaluation spectra (1 Hz ... 1 kHz)
level IV i i -4 -4 4 -4 i i i i | peratribute| 111 4 4 4 4 4 2 2 2 1
maximum| 119 ! 6 6 6 6 13 13 13 i g -al 111 444 | 1.776| 7.104| 28.416|113.664 227.328| 454.656| 909.312]  909.312
input spectra (1 Hz ... 1 kHz, =
p p ( ) % é - fr qulencly 4 16 64 256 1.024( 2.048 4.096 8.192 8.192
';' per attribute 111 1 6 6 6 6 4 4 4 1
£ |cumuiative -af 111 111 | 666 | 3.996| 23.976|143.85¢ 575.424|2.301.6969.206.784 9.206.784
Ble - trlavendy 1 | 6 | 36 | 216 | 1206| 5188 | 20736| s2044| 2044 Table 3 Attributes 0f909.312 genericverification

spectraincluding differentwhite noisebandwidthsto

Table 2 Attributes 0f9.206.784generic input spectra to checkframeworkof 112ANNs

obtain 111autarchicd & S O 2-Y R b &Ereep frdkn

judgement The chosen attribute values are meant to be different

compared to those of Tableand Table2. Even though

The attribute values are different compared to those oftiS applies neither to thelescribedbasic frequenciesf

Tablel. On one hand,tighter range limits for the the first column nor to the considered amplitude
x-acceleration amplitude peaks araken into account attenuation of the last columnthere arestill previously

herein order tocreatemore realistic input spectra. On the Unseen verificatiorspectraprovidedfor the purpose of Al
other hand, therelevant attribute values have smaller €x@mination This is even more true in view of three
increments in unequal intervals which results from arPPtionalbandwiithsof white noise superimposed to each
intended relation to the original evaluation algorithm ©f the 227.328 unige synthetic spect, see Figl6.
introduced in L2]. However,this input signal mixtures
supposed td.JNE @ kdeiflaryt d b & ¢ adefatleQK
recogni® the requested regularities of creep groan
vibrationswithin typicalacceleration spectra.

n
o
T
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Basically, at least oneconsistent output target BOp R PR
0 50 100 200 300 400 500 600 700 800 900

formulationis necessaryf an ANN for pattern recognition frequency [ Hz ]

is elaborated. In case ofi KS & LUNGAbYEISNE S| OK

equivalent output target contains the prescribed Fig. 16 Optional white noise variantsuperimposed to
information about theassociatedd LIS O i NHzY Qa S Y 6 S RRABRyeneric verificatiorspectra.

basic frequency. This is realised via an titikes 242.757

data matrix containing zeroes or ones, whieyea correct  Each reproducible white noise spectrum is adjusted up to
columnentry is indicated by means tifie valueone. By a limit of 1kHz in order to reacka summarised overall
contrast, the 111 output target data matrices used toRMS of 2%IBre 1 m/s2 respectively. This alsmunts for
RSTAYS (KS bdb&g 02/ 1R NELNES thealiritibl Splion without noise at all. Independent of that
82.944 respectively. Thanigue value one in a first the procedureto obtainthe output targets concerning the
column entry impliesabsence ofcreep groan dr the more or less noisyerification signals is the same as
related input spectrumThesinde value one irthe second  discussd in the prior section. bte that output target
columnentry indicates contrary terms.v&ntually, creep values related to Tablg are only necessary texamine
groan is prescribed in each of the léduivalentsetup the predictions of theproposedAl approach

data clustersfor approximately 5%6 of the input signals

which is not a mandatory share

x-amp. RMS [ dB re 1 m/s?]

4. ELABORATION ®ATTERN RECOGNITANINS
3.2. Functionality CheckUnseen Noisyerification
Signals 4.1.Basic Model and Practicéinplementation

In order to examine operabilty and capabilityof the As explainedn the fundamental book oflertz etal. [20],
designed framework with 113eltsufficient ANNs at a the basic scheme of a multilayer feedforward pattern
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recognitionANNcommonlycontains apassivanput layer
which isfollowed by a number oéctivehidden layersaind
a mostly active output layerin the end seemodel in
Fig.17 andliterature sources [1519, 20].

Input Layer Hidden Layer M

Hidden Layer 1 Output Layer

Fig. 17 Exemplarymultilayer feedforward ANNmodel,
adapted from 15, 19, 20.

In simple terms, e number of hidden layemdetermines
whetherthe ANNadapts the philosophy of eitheshallow
or deep learningwhereby ths distinction is notstrictly

defined Each of these hidden layers accommodates 8 me. or even larger. Howevethe T NI Y $ gtaski] Q &

manually predefinedamount of thesubstantialneurons
see neuron model explanatiorie [15, 20] Accordingly,
the neuronsof the first hidden layereceive a stimulatig
signalvia the inputvariables manipulate theobtained
values pursuant tospecificinherent functions and then
forward differently weightedvaluesto the neurons of the
next hidden &yer or to those of he output layer

respectively If this output layer is active, the values get

altered once more.The dtained resultis a list of
confidencevaluesfor eachprescribedoutput variable

It should be notedhat the externalconnectorsat input
layer and outputayerare often equivalentliyyamedinput
neurons and output neuronsor just simply input and
output, and furthermore, neurons aresometimes
designated asodesjust likelayers aaunits. A coupleof
these specialised termare used within the referenced
works[15,17,19,20].

Duringl Y ! b b Q aprocebiisledchativeneurorQ a
specific function is continuously adaptedin order to
minimise misallocations For the topical implementation
this prefabricated processrefers to supervised learning
whichmeangthat output targetswith preferablesolutions
are availablefor a comparisorio predictions of the ANN.
Of course, thispertains to the available ajorithm for
training/validation/testing in particular.

ANNsmplementedwithin thiswork have beercreatedby
means of several modified scripts derived from the
PatternRecognitiorapp within MATLABR2016a

Due to high data volumes provided for the creation

process out-of-memory issuesippearedfor the | dzii K 2 N& C

premature plan to combine all setup data clusters
simultaneously in order to build or@mprehensiveANN
with abilitiesin basicfrequency categogation as well as
creep groan judgementHowever, his data volume
problemof MATLABR2016awhich was runnindnere on
Windows10 Pro64 Bit either at a dualcorei7 or at a
guadcore i7including8 GBRAMrespectivelyhasalready
been resolved by the softwar€ &evelopersvia the
so-called tall arrays These allowthe additional use of
out-of-memory data, seedescription in[21] concerning
more recentsoftware releases Nevertheless, the faced
data volume restrictions made a workaround necessary.

4.2. Integrated Framework of 112 ANNs

The workaround is based onthe separation ofbasic
frequency categorisation and creep groan judgement.
Therefore, an integrated framework including one
G LINA-YDb BB | WdRarchica it S O2-Y R b B&d
evolved Due to this strategy, thenemory requirements
for training/validation/testing were strongly reduced.
Certainly, the overall data volume was approximately the

distribution and information flowcan be seeifrig 18.

Fig. 18 Task distributiorand information flowwithin
framewark of 112 seksufficientANNSs.

Accordingly, lhe frameworkinput readsa spectrum It has
a more or lesembedded basic frequenayhichshould be
detected via thed LINJA-Y b bldsed onthe highest of
111 probabilities. After thignitial categorisationis dme,

the developedscriptroutine forwardsthe spectrumnto the

G a S O 2-#NRHE, NBvhereby only the previously
determined one is executed It computes aprobability
approximation ér both only possible statewhich means
presence ofcreep groan or naccurrence After all the

framework output includes the most likely stickslip

frequencyof the imported spectrumand its relatedstate

concerning creep groan.
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