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ABSTRACT
Tire-pavement interactionoise is one of the dominant sources of vehicle noise, and one of the
most significant sources of urban noise pollution. One critical generation mechanism of tire
pavement iteraction noise is tire treagkcitation. Theire treadcontributes to the tirpavement
interaction noise mainly through two mechanisms: (1) tread block impact, and (2) the
compression and expansion of the air in the tread groove at the contact patch. The tread pattern is
the critical part of the tire design since it can be easilyifieod Hence, the main focus of this
study is to quantify the tread pattern contribution in totalgaeement interaction noise. To
achieve this goal, the noise produced by the tread pattern is separated from the total tire
pavement interaction noise.nBe the tread pattern excitation is periodic with tire rotation, the
noise producedly the treads assumed to be related to the tire rotation. Hence, the order domain
synchronous averaging method is used in this study to separate and quantify thetteead pa
contribution to the total tirpavement interaction noise. The experiment has been carried out
using an OrBoardSoundIntensity (OBSI) system. Five tires were tested including the Standard
Reference Test Tire (SRTT). Compared to the conventional &&$%m, an optical sensor was
added to the system to monitor the tire rotation. The once per revolution signal provided by the

optical sensor is used to identify the noise signals associate to each revolution.

In addition to the averaging method usindicgd signals, other data processing techniques have
been investigated foreparating the treagattern noise without utilizing the once per revolution
signal. These techniques are autocorrelation analysis, a frequency domain filter, principal

component aalysis, and independent component analysis.

In the treaebattern noise gneration, the treagrofile is the most important input parameter. To
characterize the tregutdfile, the tread pattern spectral contand air volume velocity spectral
content or all the five tires areomputed. Then, the tread pattern spectrum andith@lame
velocity spectrum arboth correlated with the separated trpattern noise by visual inspection

of the spectra shape.



GENERAL AUDIENCE ABSTRACT
Tire-pavement interactionoiseis one of the dominant sources of vehicle noise, and one of the
most significant sources of urban noise pollution. One critical generation mechanism of tire
pavement iteraction noise is tire tregthe part that is in contact with the ground on the surface
of the tirg excitation This type of noise isalledthe treaepattern noiseThis studyis dedicated
to separatinghe treaepattern noisérom the total tirgpavement interaction noisehich has not
been reported in the open literatufae separ@on of the treaepattern noisean providecritical
criteriafor the treaepattern acoustic design, which is one of the most itapbfactors irthe tire
tread pattern desigridence the acoustic design of theead patterrcan beevaluded directy
from the treaepattern noise measuremetitus improving the desigefficiency In addition, the
standalone study dhe trea-pattern noise can reveal more fundamental physical unddrpmns
the geometry of the tread can affect the noise generBtesifindinghas the potential to inspire

the degyn of the tirg with higher acoust performance over th@es being used currently
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1LY G NRRdAzOU A 2 Y
1.1 Background

It is widely acknowledged thditre-pavement interaction noise (TPIN) is one of the main ssurce

of urban noise pollution. s the dominant nee source when theehicle speed is higher than
50km/h(Sandberg, 2001Modern TPIN research started around+hi®@ 706 s as engi nes
less noisy and aerodynamic design of vehicle bodies was optimized (Sandberg et al, 2002).
However, due to the complicateadture ofnoise generation mechanisms (Dare, 2012), it is still
difficult to predict the TPIN accutely. Amongst all the mechanisms, tiread pattern is
considered to be one critical factor in the TPIN noise generation. According to the literature,
approximately 16,000 tread patterns had been used on tires before 2004 (Hanson et al., 2004),
and many new tread pattern designs are stilldpdeveloped each yeadience, he tread pattern

design is critical in the tire industry, which must compromise between noise generation, traction,
and safety. Amongst all of the aspects of tread pattern design, tread pattern acoustics is of
primary interes for the industry, andhere are extensive interests to investigate the noise
generated by tread pattern. The effects of the tread patterns on the total TPIN have been
investigatedboth experimentally (Ejsmont et al., 1984) ananerically(Chen et al 2014).The
experimental data showed that different arrangement of tread blocks and tread grooves have
significant influence on the air pumping, tire vibration and pipe resonance of the tire, thus
changing the emitted tire noise significantly. The numedeah showed that randomization of

the arrangement of the tread pattern blocks can be used to distribute the noise component in a
broader frequency range. However, limited agreement was shown between the numerical results

and experimental data.

The abilty to predictand measur¢he treaepattern noisewill facilitate improvement of tread
pattern designslio be able to studthe effects of the tread pattern on nptbe measured tread
pattern noise component must be separated from the noise generathdrisourced-dowever,
studies on the noise produced by tread pattern directbye to be report which necessitates

the work to separate the trepdttern noise in the thesis.



1.2 Literature review

1.2.1 Tread pattern produced noise

The tire tread patteris the arrangement of ribs, blocks, and grooves on the tire surface. An
illustration of a tire with one particular design of tread pattern is showfigase * 1. The tire
tread can be designed with various patterns that have different functionality. A detailed and

systematic introduction of tire tread terminology can be fourfgpimendixA.

Z-vertical

X-longitudinal

Horizontal (-Y)
_—-

Circumferential (-My)

Figure T 1: lllustration of the tire.

The tire tread profile can be obtained using a CTWIST machine, as shdvigure t 2. The
line scan camera is used in the CTWIST machine to scan the surface of the tire and obtain the 3D
tread profile. The scanning device is connected to a computer, which converts the scanned

profile into matrix containing the relative height of the tread surfacg$



Figure % 2: lllustration of the CTWIST machinéwww.starrett.com/metrology/metrology

products/lasemeasuremergystemsy

The tire tread pattern can generate noise though three mechanisms: (1) tread block impact; (2) air
pumping; and (3) pipe resonance in the groogsniont et al., 1984 In accordance with the
treadpattern noise production mechanisriiseeapproachesiave been proposed reducethe

tire noise related to tregaattern(Sandberg et al., 20P2(1) pattern randomization to reduce
tread impact concentrated in specific frequenciesgf@pve ventilation to reduce air pumping;

and (3) modification of thegeametry of tread segments (lengttvidth, depth, angle of
block/groove)o reduce tread impact in certain frequenc&impleexamples are given Figure

1- 3. Figure t 3 (a) shows the regular tread patternmied by rectangles without offset. This
pattern generates periodic excitation with certain impact frequency. Hence, the regular pattern
can lead to high noise levels in certain frequencies if used on vehicles. The pattern can be
randomized by having offsef tread blocks between different tread ribs, as showigare * 3

(b). In addition,Figure * 3 (c) shows the modification of the tread segment geometry by
changing the angle between sides of the segmehis.géometry modification can also be

achieved through alternate, more complex methods.
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Trea! iroove

Figure % 3: lllustration of simple tread pattern() regular pattern, (b) pattern with offset, and

(c) pattern with modified geometry.

One weltknown method tanodel treaepattern noise, using the relative rotation of the wibs
developedRarker et a).1988. First, the tread patteris digitized into a binary matrix on proper
coordinates, in which digid represents tread grooves afidit 1 represents tread blocks. Then,

the accuratefootprint profile of the leading/trailingedge is defined using an appropriate
algorithm The noisegproducing functionwhich defines the noise production of each element in
the matrix,is then summed sequentially along the profile over the tread circumference. The
summation is convertemhto analog signalsiepresentinghe sound productiorBased on tis

work, othermethods were developddr treadpattern noise prediction. For example, Cao et al.
coupled the treagattern noise production model with road noise production model, thus
enabling simultaneous modeling of the pattern/road interaction nGze €t al., 2008). In

addition, Liu et al. applied a fuzzy generic arithmetic to the conventional-pegsetn noise
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modeling, which significantly improves the efficiency of the optimization of the tread pattern

parameters (Liu et al, 2010).

Othermethals have also beeproposedo model treagpattern noise. In one method, the tread
pattern excitation was modeled by linearly superposing the force produced by each tread element
in contact with the roaqKim et al, 2000) Dynamic contact pressure, which distributed
unevenly at the contact patch, was considered in this study. Compared to assuming even pressure
distribution at the contact patch, this method improves the accuracy of the pattern noise
prediction below 1 kHzIn addition, a human perceptionodel was developed to corredahe

tread pattern design with humparception of noise (Bekke et al., 2014). In the proposed model,

the tread pattern geometnas treateds an inpufor noise predictionThen, tread pattern input

was processed to preditte treaepattern noise in a conventional way proposed in the patent
(Parker et a).1988. The novel part of this study was the further correlation of the tread pattern

generated noise wittuman perception using sound quality metrics.

Lillegren investigated theorrelation between tread pattern design and the noise generated by
tires (Liljegren, 2008), using the commercial software SPERRiBtistical Physical Explanation

of Rolling Noise) The softwaréhas been developed in recent years bgaekers at Chalmers
University and consulting firms M+P¥uller-BBM. A hybrid approach containing both a
contact model and a statistical model is used in the codes to predict the tire/pavemeRbnoise.
the contact model, the inputse pavemensurface pofiles and 3D tread profiles. Thenthe
contact force igalculated as &unction of inputs such as tread profile and tread stiffnaier

the contact force is calculated, itusedasthe input parameter to the other halftbé hybrid
model,which isstatistical modelFor thestatisticalmodel, other inputs aside from contact force
include airflow resistivityand vehicle speedThe statistical model correlates those input
parameters with the measured noise dataummary, the hybrid model can pretdihe effects

of both tread pattern parameters and environmental factors on tire/pavement noise generation.

Air pumping is also an important noise generation mechanism that is related to the tire tread
pattern designk-ollowing the first investigation adir pumping generated noise (Hayden, 1971),

most studies identified the source of air pumping as the volume change of tire cavities. Studies



based on monopole (simple sound source) have been made extensively and experiments have
shown good agreement withis approach (Ejsmont et al., 1984). Aside from the monopole

model, a hybrid technique was developed to predict the air pumping noise (Kim et al., 2006).
Gagen argues that the simple monopole model does not reflect the complex air squeezing process
(Gagen, 1999)e assumethat the air is not sensitive tocal volume changeswhich is similar

to a damped oscillatowhile the monopole theory eqea localair movements exacthyith the

volume changes of the systelxperiments were carried out to validate both the monopole
theory and Gagends model (Ei senbl aetter et al
failed for the leading edge signal as fhressure pulse duration was shown to be constant for

di fferent tire speeds. The experi ment suppor

Haydends model

1.2.2 Order tracking analysis and synchronous averaging

Order tracking analysis arttime synchronougime averagingare both reviewed in this section.
Ordertrackinganalysisis a signal processing method to investigate the signals that are related to
machine rotatios It is widely used for rotating machinery diagnostisach as gear besand

shafs. Rotating machinerproduceeriodicvibration andacoustic signalthat arerelated to the
machinerotation.For tires, the excitation of the tread pattern blocks is periodic with the rotation.
Hence, the treagattern noise should also be related to tree rbtation. Due to the similarity
between the tire and rotating machinery operation, the order tracking analysis can also be used to
guantify the periodic signals related to the tire rotation, which is-pattdrn noise. To separate

the tread patternetated noise, the synchronous averaging method is used in this thesis. The
synchronous time averaging method is a conventional method that is used to cancel the signals
that are unrelated to the machine rotation. However, in this study, the averagintpralger

modified so that the averaging is taken in the order domain rather than in the time domain.

In the order tracking analysis, order power spectrum is used instead of frequency power
spectrum(Gade et al.,, 1995An order power spectrurgivesinformation abouthe amplitude
and/or the phasef the signal as a function darmonic(integer multiplesprder of the rotation
frequency. This means that a harmonic or-sabmonicorder component remains in tharsa

analysis line independent tfe $eed of the machinén order to produce phase andjased
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data, the uniform time interval data must be processed to convert thbaseé data to phase
anglebased datgdPotter 1990 . Prior to Potterdés wor k, numer
used to pdorm the conversion, such as a sensor that monitors the rotation of a shaft and a
counter that registers the pulses when the shatft is rotating. Aside from the hardware, one or more
tracking analog filters needs to be used to limit the aliasing error assibavith the data
sampling, and a tracking ratio synthesizer is used to generate sampling pulses synchronously
with the rotation of the shafRotter et al. proposed a new computed order tracking scheme that
reduces the complicated hardware equipnagteliminates the inherent time delay associated

with the hardwaréPotter et al., 1989; Potte1990).Using computed order tracking, the signals

are sampled at a constant time increment. Then, the signals are resampled by interpolation to
have a constant plse increment. Studies were also carriedt@eixamine the effects of several
factors, which arénherent in theeomputed order tracking method, on #eeuracyof computed

order tracking (Fyfe et al., 1997Among these factors are rotational speederiiity, and the
interpolation method. It was found that increasing sampling rates ephaspr and data signals

can improve the accuracy of the order tracking. Additionally, the improvement gihiespr

timing accuracy can also increase the order spepiedity.

The synchronous time averaging method has been implemented extensively to get rid of noise
unrelated to the rotation (McFadden, 1985, 1989; Tuma et al., 1999). The signals are sampled at
a frequency which is synchronized with the machine naflhen the signals are averaged with

a sufficient number of rotations. The signals that are asynchronous with the rotation are
cancelled out, leaving only the signals that are periodic with the rotation. In the current study, the
synchronous averagingeacombined with order tracking analysis, which means the averaging is
taken in the order domain rather than the time domain.

1.2.3 Signal processing techniques for periodic signals detection and separation

Aside from order tracking analysis and synchronousaaeg, there are several other signal
processing techniques that can be used to find the periodicity of the signals or to separate signals
from different sources. Amongst those techniques, four of them are of interest in the thesis: (1)
autocorrelation; (R frequency domain filter; (3) principal component analysis (PCA); (4)

independent component analysis (ICA). The implementation of those techniques does not require
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a sensor to keep track of the phase position of the rotating component, which in tlgstibase
tire. Hence, they are investigated in this study to test whether they can separate the periodic

signals related to tread pattern excitation. These techniques are reviewed in this section.

The autocorrelatioiunction is computed from the correlatiovith the signal itselfRriestley,
1982, and itcan be used to detect the periodicity in sigredswell as daoise the signal
(Parthasarathy, 2006). The basic idea for autocorrelation to detect the periodicity is that the
periodic signal is still correlated withself aftertime lag T This can be shown in the following
equation,

YO Y Y'Y Eqn. 21

where S is the periodisignal and T is the period. However, Aperiodic signals are not self
correlated when delaydiartin et al., 2010)Autocorrelation has been applied tord@se the
signals and find periodicity in different backgrounds. @ual.implemented autocorrdian to
removebackground noisand to detecthe harmonic components of manatee vocalization (Gur
et al., 2007). Xueet al. proposed to usaitocorrelation to deoise the signal as form ofpre-
procesgig of the empirical mode decomposition (Xue et aD12). Grosche used the

autocorrelation to reveal the musically meaningful periodic information (Grosche et al., 2009).

In rotating machinery diagnostics, a method based on the short time Fourier transform technique
has been applied to characterize amddparate different vibration sources (Antone, 2005). This
method is fast and efficient for the characterization of three groups of sources: (1) periodic, (2)
random stationary, and (3) random rgiationary sources. The technique used a frequency
domain (FD) algorithm (Antoni et al, 2004b) to separate the periodic signals from the non
deterministic signals. First, the algorithm calculates the transfer function between signal
segments that are temporally far from each other, as shoWwigume t 4. Then, the transfer
function for many similar segments pairs are averaged, thus rejecting the signal components that
are not correlated. In this study, the FD algorithm will be applied to the simulated TPIN signal,
to investigate whether is capable of separating the periodic components that are related to the

tire rotation.



x(n)

Figure T 4: Demonstration of signal segments for FD algorithm.

The blind source separation technique can be applied to separate noise generated by different
sources when little informatios known about the sound source characterigtiggdinen et al,

2001)). Firstly, blind source separation can be achieved thrqugfciple component analysis
(PCA). The PCA can summarize ttata using linear combinatiasf the original observations

to achieve dimension reductighabachnik et al., 20Q7In this process, the multivariate signals

are recombined using a coefficiematrix, which is called rotation, to maximize the variance of

the data. In this way, the rotated data matrix with maximum variance contains as much data as
possible compared to the original observation. The PCA analysis has been applied to analyze
noise @ta measured on different pavement ty@@sgel et al., 2008). This study analyzed the
effects of various pavements on noise level. However, the application of the PCA to the multi
channel acoustic signals collected ©OyBoard Soundintensity (OBSI) sysi@ has yet to be
reported.

Independent component analysis, which is based on PCA, is a more powerful tool for performing
blind source separatiorHyvarinen et al, 2000 For ICA, the measure is based on nhon
Gaussianity and the axes are not independerdovariance matrix can be obtained using the
observed data. After removing the unwanted signals, we can force the inversion of the separation
matrices and transform the data back into the original observed space. The ICA algorithm is a

very efficient tool b separate signals that are maximally independent andGaassian



(Hyvérinen, 2013. In the ICA algorithms that have already been developed, a-figed ICA
algorithm was developed to perform fast ICA on the observed Hstdirinen et al, 199) This
algorithm can separate several P@aussian signals with high efficiency, hence, it is adopted in

this study.

1.3 ThesisObjectives

This study aims to separate noise signals that are related to tread pattern from the total TPIN
noise, as well as to correlate the trpadtern noise with the tread pattern paramefgrs. noise
generated by the tread pattern has the characteristic g Iperiodic with the tire rotation,
because the number of tread block impacts for each rotation is certain. This is similar to the noise

generated by rotating machinery, such as gears.

The first goal of the study is to separate the tgaitiern noise usg the optical signal, which is
collected synchronously with the noise data by an optical sensor. The conventional order
tracking analysis was used to track the signals related to the tire rotation. In addition to the
standard order tracking analysis, rsts within each revolution are averaged coherently in the
order domain to eliminate the signals that are not related to the tire rotation, thus extracting the

signals related to the tread pattern.

The second goal of the current study is to test thectefémess of several signal processing
techniques on separating the tread pattern noise. Four techniques were implemented: (1)
autocorrelation analysis; (2) frequency domain filter; (3) principal component analysis; (4)
independent component analysis. Tresults of different algorithms were analyzed and
compared with the results obtained by using optical signal. The effectiveness of each method is

discussed based on the results obtained.

The third goal is to investigate the correlation between the-pratidrn noise and tread pattern
parameters. The tread pattern parameters, which will be detailed in chapter 5, characterize the
tread pattern spectral content. The shape of the-patern noise spectra are compared with the
tread pattern spectral contero investigate the correlation between the tread pattern

characteristics and the tread pattern produced noise.

10



1.4 ThesisOrganization

This thesis is organized in six chapters. Chaptgivésthe background of the current research,
literature review, the gds and organization of the thesis docume&tiapter 2 presents the
experimental setup, test procedure, data collected, the data processing. In Chapter 3, firstly, the
methodology to separate trepdttern noise using optical signal is described. Thentdbults of

the measured data processing are presented and discussed. Chapter 4 investigates several signal
processing techniques, which are applied to the OBSI noise data. The effectiveness and
capability of the methods are discussed and the resultsoanpared with the synchronous
averaging method. Chapter 5 firstly calculates the spectra of the tread pattern parameters, which
characterizes the tread pattern spectral content. Then, the correlation between the tread pattern
parameters and the trepdtten noise is investigated. Chapter 6 concludes the study and gives

suggestions for future work based on the current results.
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The experiments were carried out to collect-gewement interaction noise data as well as
optical signals. In this chapter, first, the experimental setup is described. Then, testing and data
collection procedures are presented. Finally, the test datpracessed preliminarily using
conventional spectral analysis. The limitation of the spectral analysis to quantify different noise

components is discussed.

2.1 Experimental setup

Five different tires were teste@ihe numbers assigned to each of the fivestiested reflect the

fact that they were part of a larger group of tires. The specifications of the tires are shown in
Table 2 1. The tread patterns of the tires are illustrateigure 2 1. All the tires hae the same

radius, while Tire 20 (SRTT) has different width. The number of blocks showahle 2 1 is

the number of tread elements within one tire circumference. The number of plies in the tread
band and sidavalls is one criticafactor indicating tire structures. As the table indicates, some
tires have same number of plies. The rubber hardness, which was measured immediately after the

test, is nearly the same for all tires.

Table 2 1. Specificationof the tested tires

No . Si ze CondiiNumbe Number «Numt_)er C(Rubber F
Bl oc | (Treac (Si dewi (Shor e
12 215/ 6 Winter 77 4 1 56
15 215/ 6 All sc¢ 72 4 1 55
18 215/ 6 All sc¢ 65 5 2 65
19 215/ 6 Winter 60 5 2 6 4
20 225/ 6 All sc¢ 81 3 1 65
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Figure 2 1. Numbering and tread patterns of the tires.
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The OBSI system was used in this study to collect the noise data, as shéiguren2 3. The
sampling frequency of the OBSI systems was set to be 25.6TkidzZOBSI systenbased orthe
AASHTO TP-76 standad is widely used fortire-pavementnoise measurement. The standard
OBSI system has two intensity probes, one at leading edge and another one at the trailing edge of
the tire. Each intensity problmntainstwo microphones. Before each installation, micrapé®

need to be calibrated to maximize sensitiviBompared to aonventional OBSI systengan
optical sensor isadditionally incorporated into the modified OBSkstem used for the
experimentsThe specifications of the optical sensor can be foundippendixB. One of the
microphons (Channel4) was disconnecte@llowing the channeto be usedfor optical signal
collection insteadHence, only three channels were used to collecpairemennoise pressure
datain this experimentThe optical sensor wasounted in an aluminum rectguar tube, which
wasconnected to the OBSI system through ashpe bar and screwBhe aluminum tube can
prevent thenterferenceof sunlight, thus improving the asacy of the optical sensing system.
The optical sensor radiatean optical beam onto the side wall afblack diskthat rotated
simultaneously with théire. Once the optical beam hite retroreflective tape, it waseflected

back to the optical sensofhe sensothenreceivedthe reflected optical beasvand converd
theminto anelectric signalThe generation of the optical signal pulse was synchronous with the
completion of one tire revolution. Therefore, data from the optical signals can be used to
determine the exact start time of each tire revolution. In addition, the signal can be used to
accurately estimate speed and acceleraiitve. vehicle used for testing was a 2012 Chevrolet
Impala LT (front wheel drive)As shown inFigure 2 4, the OBSI system was mounted on the

right-rear wheel of the vehicleith a camber angle close to zéto et al, 2016 (a); Li et al, 2016
(b)).

U RigB Mied  Mic2

Figure 2 3: OBSI system with optical sensor.
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2.2 Experimentalprocedures

All the tireswere testedetween March 7 and Mard1, 2016.As is shown inTable 2 2, the
weather during these days was consistently sunny. The stability of the weather condition ensured

a consistent pavement condition.

Table 2 2: Testing conditions.

Tire No.| Test Datg  Weather Inflation Pressure| Humidity | Tire Temperature
Condition (Pa) (%) (F)
40 70 84
Tire 12| Day4 Sunny 32 64 88
26 58 92
40 92 81
Tire 15| Day 3 Sunny 32 76 88
26 69 94
40 71 77
Tire 18| Day 2 Sunny 32 66 86
26 60 88
40 81 82
Tire 19| Day4 Sunny 32 80 87
26 77 83
40 50 96
Tire20| Day1l Sunny 32 50 104
26 54 100
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Figure 2 4: OBSI system installedn the car.

All five tires were tested following the same test procedure, which is detailed in this paragraph.
The test began at the lab with the installation of the OBSI system, as shBigana 2 4 (Li et

al, 2016 (a); Li et al, 2016 (b)After the assembly of the equipment, the testing vehicle was
driven to the selected location at the westbound starting points. The tested tire was inflated to a
specified pressure prior to the testing. The enwirental factors and tire conditions, which
included wind speed, air temperature, pavement temperature, and tire hardness, were recorded
using an OBSI log file. Other factors, which include time, humidity, tire temperature, and
inflation pressure, were marlyarecorded in a table, as shownTiable 2 1. The test of each

tire follows the test matrix as shownTiable 2 3. After testing the inflation pressure and speeds

for one tire, the car was driven back to ldle and the OBSI system was uninstalled.

In total, three inflation pressures (26 psi, 32 psi, and 40 psi) were tested. Under each inflation

pressure, noise data were collected for five constant speeds (45 mph, 50 mph, 55 mph, 60 mph,
and 65 mph). In adddn to the constant speed cases, one acceleration case was tested. In the
acceleration test, the car was accelerated from 45 mph to 65 mph within about 10 seconds. Then,
the speed remained at 65 mph for the rest of the run. For each run, the total gtneotehe

data is 1 to 1.5 minutes, which covers a 1.3 mile pavement length. After each test at a particular
inflation pressure, the car was parked at the starting location, and the environmental factors and

tires parameters were measured again.
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Table 2 3: Test matrix for one tire.

40 psi 32 psi 26 psi

Run| Dir. Speedmph] | Run| Dir. Speedmph] | Run | Dir. | Speedmph]
1 E 45 1 E 45 1 E 45

2 W 45 2 W 45 2 W 45

3 E 50 3 E 50 3 E 50

4 W 50 4 W 50 4 W 50

5 E 55 5 E 55 5 E 55

6 W 55 6 W 55 6 W 55

7 E 60 7 E 60 7 E 60

8 W 60 8 W 60 8 W 60

9 E AccelC 65 9 E AccelC 65 9 E AccelC 65
10 | W AccelC65 | 10 | W AccelC 65 | 10 | W | AccelC 65
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2.3 Spectral analysis of the experimental data and its limitation

The total time duratiomf one test run is 10 1.5 minutes. The amount of data in each run is
more than enough for data processiAgout 10 seconds of data are windowed out of tie51

minutes of data for each run.

The optical signal is shown Figure 2 5. The optical sensor generates a pulse when completing
each revolution. As shown iRigure 2 5 (a), it can be seen that each time the optical sensor
received the beam reflected by the rewblective tape, nearly constant 5 vodiectrical signal

was generated from the sensor. As showRigure 2 5 (b), when the reflected optical beam hit

the optical sensor, the generated electric signal will oscillate for a short time and then remains at
5 volts for about0.0015 seconds (1.850%s8520s). The moment at which high voltage
oscillation starts is regarded as the time completing one revolution, which is indic&igdna

2- 5 (b).

10 - 10
s Onerevolution al J
G P L], 1
- 4 / \ = 4 ' [ ]
= | \ s
2 2 | | = 2h 1
, Z - .
t | b ) " |
a 0 1 { 2 0
3 ' ' g .
» \ ] i 4} | ]
=6 ) &t 0 |
| -l Revolution |
- completion
-10 -10
1 1.1 12 13 14 15 16 17 18 19 2 1.849 185 1.851 1.852 1.853
Time [sec| Time [sa¢]
(a) (b)

Figure 2 5: Optical sigral demonstratioTire 20 at 60 mph.

An example of the microphone signals is displayeBigure 2 6 (Tire 12 at 60 mph). It shows

the sound pressure variation within 1 second. The blue line is the sound pressure signal, and the
redlines is thesuperimposedptical signal. It can be seen that the amplitude of the time history

is about 20 Pa for all three microphones, which means thafiakehtire noise level is high. The

tire noise time history shows obvious periodicity at lowgérencies, while the high frequency
periodicity is notevident To clearly investigate the frequency components in the signal,

frequency domain analysis is utilized.
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Figure 2 6: Time history of microphone signals and optical sighak 12 at 60 mph.

The spectra for the three microphones signals for Tire 12 at 60mph are shéigaren2 7. It

can be seen that Mit and Mic2 have very similar spectral contedtje to the close spacing of

the two microphones. Hence, the data from-Miwill be chosen to represent the leading edge
noise. The trailing edge noise, which is recorded by-3Jishows different frequency spectral
shape compared to leading edge noisendd, the trailing and leading edge noise will be both
analyzed in this thesis. It can be observed that there is high amplitude noise content below 300
Hz, which is induced by wind passing by the microphone. This phenomenon is unable to be

avoided even whe the microphones are covered hywind screen. However, the noise
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components below 300 Hz is not of our interest in this stbdgause Aveighting makes this
part of the spectrum insignificant in the noise spectrum.
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Figure 2 7: Frequency power spectra of microphone sigifale 12 at 60 mph. (Frequency
resolution = 5Hz)

The spectra at different speeds for Tire 12 are showigure 2 8. It can be observed thdtere
is one noise component that is positively correlated with the vehicle speed. The frequency of the
tread pattern related noise is supposed to change with speed due to the change of fundamental

tread pattern impact frequency. Hence, it is inferred that spectra of Tire 12 shows a

significant amount of treadattern noise related content.
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Figure 2 8: Comparison of frequency power spectra for different sp@adsl2. (Frequency

resolution = 5 Hz)

To obtain better insight into the different noise components for Tire 12, the spectrogram from the
acceleration case is calculated and showrFigure 2 9. It is notable that there are two
components in the noispectra. Component 1 changes with speed, which is related to the tread
pattern excitation. The other component stays at the same frequency regardless of the speed
change. To investigate the effects of tread pattern on noise generation, the order domain
synchronous averaging is applied to the total TPIN to separate the component 1 from noise

caused by other mechanisms in Chapter 3.
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Figure 2 9: Spectrogram foaceleration at leading edggre 12.
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In this chapter, the separation of trgzattern noise using an optical sensor is presented. The
optical sensor provides a once per revolution signal, which can be used for order tracking
analysis and syihronous averaging. First, the detailed methodology of the-pathern noise
separation is presented. Then, the validation of this method is shown through a simulated case, in
which a treaepattern simulated signal is successfully separated from otle® sources. The
experimental separation of the tread pattern related noise for both constant speed and
acceleration cases are shown. Thecatftd the numbers of averages on the trpatlern noise is
investigated for the constanpeed case (60 mphJhe separation results for different speeds
(50/55/60 mph) are compared and the 60 mph cases are investigated irAddiadnally, the

effect of the number of averagesalsoinvestigated for the acceleration cashe Treaepattern

noise separation orifterent pavements was also performed for further validation of the method.
Finally, one special case with unusual tone in the noise spectra was investigated, and it was

verified that the tone was not related to the tread pattern.
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3.1 SeparationMethodology

Order domain synchronous averaging is used to separate thepatéamh noise in this study.
Compared to time synchronous averaging, the averaging is taken using the Fourier complex
values after the time signal is resampled andstamed into the order domaikigure 3 1

shows the procedures of the trgaaitern noise separation algorithm. To make the procedures

more intuitive, plots of one example (Tire 12 at 60 mph) are showigure 3 2.

First, the time signal is resampled to have the same number of data points per revolution,
independent of the actual time length, as showhigure 3 2 (b) and (c). The resampled data
points should have constant phase increment rather than time increment. To obtain the phase of

each sampling point, the time integral of the rotational speed is used,

o Eqgn. (31)
wheren is the phase of ed sampling point.

Then,in order to avoid the aliasing of the hiflequency components, the signal is filtered using
a low-pass filter. After the lowpass filtering, the resampling is performed using the optical
signal. The optical signal provides ttimme Tk, which is the time to completé"krevolution.
Using the calculated phase at each sampling point and the once per revolutior, tineeldw

pass filtered signal is linearly interpolated onto a uniform grid in the phase domain,

non Eqn. (32)

wheren is the phase of the"rpoint of the norresampled total noise sign4|, is the " point

of the noaresampled total noise signgl; is the i point of the resampled total noise signal.
As it is shown inFigure 3 2 (b) and (c), the total noissignal is resampled within each
revolution The resampled signal hasconstantsampling fequency revolution, such as 1800
points/ev for Tire 12 at 60 mphieoriginal samplingfrequency in this study is 25k z).
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Then, for each revolution, the discrete Fourier transform (DFT) is applied to the resampled total

noise signal, in order to convert the signal from the time domainhatorder domain.

Egn. (33)

where k represents theé"kevolution, N is the total number of resampled points in one
revolution, f] - is the M point of the resampled total signal time history tier&volution,

0 s d"the Fourier transform value of thiesampled total signal for thékevolution. The
illustration of the order spectrum of the signal within each revolution window is shokigure
3-2(d).

After order domain complex Fourier transform values are calculated for all the revolutions, they

are averaged coherently

Egn. (31)

whereM is the total number of revolutions, and k represents theekolution,0 is the &
averaged order domain Fourier transform value. After the averabmdrourier complex value

of the signals that are not related to the rotation of the tire will be rejected and hameaam O
value. With enough number of revolutions averaged, only thedie signals that are related to
the tire rotation will be preserveBor example, as shown Figure 3 2 (e), it can be observed
that most signals between-80 orders, which are of our interest, are preserved after averaging
for Tire 12 at 60 mph.

The treaepattern signals are periodic with the tire rotation, which are assumed to be the same for
all the revolutions. Hence, the DFT values for all the revolutions are the equal to the averaged

values,
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0 0 Ean. (34)
wherek represents krevolution, tr is abbreviation for treagattern noise signal, s the &

Fourier transformed value for the trepalttern signal in thekrevolution.

Then, the time history of the treg@attern signals for each revolution dae computed using the

inverse DFT of order domain complex values,

Eqgn. (35)

whereN is the total number of points in each revolutifn, is the d"point of the treagpattern

noise time signal for the "k revolution. Thetreadpattern signal is repeated for all the
revolutions, so the tregghttern noise time signal can be constructed by putting the signal in each
revolution together sequentially (demonstratedrigsire 3 2 (e) and(f)). The nontread pattern
signals, which are not related to tread pattern excitation, can be obtained by the linear subtraction
between the the total noise signal and teatiern signal, as shown tqgn. (36). The non
treadpattern signal is illustrated &gure 3 2 (g).

n n n Eqgn. (36)

wherern is the nortreadpattern noise signal. Following the methodology, the time history
and power spectra of total noise signals, theaidern noise signals, and Atveadpattern noise
signals can be obtained. In the next section, the validation of the dnistsbown. In this case,

only the treaepattern simulated signal is separated. In Chapter 5, thefedtn noise spectra

are compared with the tread pattern parameters. The results provide more support to the

effectiveness of the methodology.
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Figure 3 1. Flow chart of the trea@attern and notreadpattern noise signal separation

methodology.
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(b) Total microphone time signal (each window representing one tire revolution)
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Figure 3 2: lllustration of separation of tregehttern and notreadpattern noise signal: Tire 12
for 60 mph.
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3.2 Validation of the methodologywith simulated signal

The validation of the method is first tested by using a synthesizgdl. Three signals are
combined:(1) a 200Hz constant amplitude sine wave;d38p order sine wave, which contains

80 periods per tire revolution; and (3) white noisbe goal of the method is to separate the
signals that are related to the tire @irementioned in Chapter 2) rotation. Hence, in the
synthesized signal, the signal components that have constant order (80/rev) should be separated.
The 80 order signal is generated using the optical signal as reference. For each revolution, 80
sine waves arfit into the windowIn total, approximately 8 second§signalsare generated, the

details of each signal component are shownable 3 1.

Table 3 1: Details of the simulating signal components

Signal componen Frequency Sampling Frequenc Time length

80 order sine wav| 80 per revolution 25600 Hz 7.79s (100 rev)
Sine wave 200 Hz 25600 Hz 7.79s (100 rev)
White noise \ 25600 Hz 7.79s (100 rev)

Figure 3 3 (a) is the time history of the synthesized sigihajure 3 3 (b) and (c) show the time
history of the separated 80 order signal and the mixture of the other two signals, respectively.
The time history shown ifrigure 3 3 (a) and (c) appears to be similar, because the periodic
signal is buried in the white noisEigure 3 3 (b) appears to be more periodic. To gain more
insight into the physical properties of the signal, the power spefcthe signals are calculated.

As shown inFigure 3 4, the addition of the spectrum in (b) and (c) is equal to (a), which
indicates that the 80 order signal is successfully separated from the 200Hz sine wave and white
noise. This vatlates that the method is capable of separating the signal related to the tire

rotation.
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3.3 Signal separation results for constant speed
3.3.1 Effects omumber of averages on the treagattern noise

One critical factor that has significant influence on the umattern noise separation is the
number of revolutions used for averagwyen processing the signals. Hence, in this section,
different numbers of revolution are used to test its effects on thepedetn noise. Specifically,
three numbers of revolutions (60/80/100) are used. One tire with significanipdach noise

(Tire 19 and one tire with only weak tread pattern contribution (Tire 20) are chosen for analysis

here. The 60 mph and 32 psi case is analyzed.

As shown inFigure 3 5, for Tire 19, the separated noise is almost the same for the three
numbers of averaged revolutions, at both leading and trailing edge. This means that 60
revolutions are enough to get rid of the signals that are not related to the tire rotation. For Tire
20, which displays much less pattgnoduced noise, it can also bbserved fronfFigure 3 6

that the three number of averaged revolutions do not show significant influence on the separated
treadpattern noise spectr@ccording to the results of both tires (Tire 19/Tire 20), for the
constant speedases, 60 revolutions are chosen to achieve the balance between computational

cost and separation effectiveness.
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Figure 3 5: Comparison of the tread pattern noise with different numbavefagesTire 19 @
60 mph. (order resolution = 0.5)
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Figure 3 6: Comparison of the tread pattern noise with different number of avefage20 @

60 mph. (order resolution = 0.5)

3.3.2 Tread-pattern noiseseparation results

The effects of the speeds on the trpattern noise are investigated for Tire 12 and Tire 20. The

number of averaged revolutions is 60 for all the speeds and tires. Tire 12 has significant tread

pattern produced nois# can be seen frorRigure 3 7 (a) that for the leading edge, the speed

variation changes therderdistribution by a small amount. FroRigure 3 7 (b), it can be seen

that the increase in speed enhancesgréas pattern noise level significantly at the trailing edge.
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Figure 3 7. Comparison of the separated signals at different spgedl2 @ 60 mph. (order

resolution = 0.5)
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For Tire 20, the tread pattern does not produce much noise. It can be sedfiduwen3 8 that,
compared to Tire 12, the shape of the spectrum of the-praidéein noise of Tire 20 is more
sensitive to the speed change, especially at thigniga&dge. Specifically, the tregéttern noise

for different speeds at the leading edge does not concentrate around a certain order. At the
trailing edge, there are significant signals around 80 orders for different speeds, and the speed

does not have gnificant effects on the shape of the trgedtern noise spectra.

50 mph
55 mph
-—60 mph

40 60 80 100 120 140

AT PR
60

120 140
Order (1/rev) Order (1/rev)
(a) Leading edge (b) Trailing edge

Figure 3 8: Comparison of the separated signals at different spged20 @ 60 mph. (order
resolution = 0.5)

From the results for Tire 12 and Tire 20, it can be seen that for the tire with significant tread
pattern noise contribution, the increased speed will enhance the noise level significantly but does
not change therderdistribution. While for the tire thadoes not have significant trepattern

noise, the trend is not very clear with the speed change. Thepaéad noise is closely related

to the arrangement of the tread blocks. Hence, in the later results analysis, the correlation
between the treagatern noise components and the number of blocks in one circumference will

be investigated.
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After investigating the effects of speeds on the tfeaitiern noise in constant speed cases, the
separation results for Tire 12 and Tire 20 at 60 mph/ 32argsshown. The results of other tires

can be found iA\ppendixE. The order spectra of the total TPIN noise, the tgitern noise,

and norpattern noise arplotted together in the same graph for comparison. Thus, it is necessary
to obtain information detailing to what extent the tread pattern noise can be separated from the
total TPIN. For all the cases analyzed here, 60 revolutions are used for the oragen dom
averaging. First, one demonstration of the signal time history for Tire 20 is presehigdren3

9. It can be seen from the amplitude of the time history that the tread pattern noise of Tire 20 is

much smaller than the totabise, which can also be observed in the order spectra plot.
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Figure 3 9: Time history of the signals of Tire 20 at 60 riphding edge.
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Tire 20 has amall treagpattern noise component, as shown asigure 3 10. For Tire 20, the
treadpattern noise can be observed around 81 order, which is the fundamental impact frequency
per revolution. However, it can be observed that thepadtern noise is almost the same as the
total TPIN noise at both leading and trailing edge. This indicates that the tread pattern does not
contribute a significant amount of noise for Tire 20. Additionally, the low level of pattern
produced noise partlyxplains the phenomena that the pattern noise spectra does not show a
clear trend with speed change. Hence, for Tire 20, it can be concluded that most of the noise is
generated from other mechanisms, which are not directly related to theatéamah excetion.

0.4

0.4 |
Total noise } Total noise
Tread-pattern noise | Tread-pattern noise
0.3 ~Non-tread-pattern noise 0.3 ! ~Non-tread-pattern noise
< \41' < |
g i g
~ 0.2 I ~ 0.2 1 I
2 W g | (.
o LA e 1 L
d kR Y L
01+ | ‘f HI‘ Iﬁi!;’}h ‘ 0.1 | . f.,; \\%'J "'1\
A Y ‘ Woaog v WAL
0° [ 0 ‘ WA f A ton
0 60 80 100 120 140 0 20 40 60 80 100 120 140
Order (1/rev) Order (1/rev)
(a) Leading edge (b) Trailing edge

Figure 3 10: Tire noise separation for Tire 20 at 60 mph (order resolution: 0.5).

Contrast to Tire 20, Tire 12 has high level of trpadtern noise. As shown Figure 3 11, there

is significant noise around the fundamental tread impact frequency. In addition, thattern

related noise spectra show clear differences between the total TPIN for these two tires. This
indicates that the typef tire used for Tire 12 is inclined to generate more periodic impact or
more air pumping. It is clear that the Tire 12 shows a more symmetric pattern which is not well

randomized for better traction in the snow. This provides one explanation to thérdagh
pattern noise that Tire 12 makes.
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Figure 3 11: Tire noise separation for Tire 12 at 60 mph (order resolution: 0.5).

3.3.3 Comparison of the nosiread-pattern noise of different tireson the same

pavement

The five tires were all tested on the same pavement, which is believed to be the largest factor that
determines the TPIN. Hence, after the separation, it is hypothesized that threatgattern

noise signal spectra are similar tcleather. To test the hypothesis, the results before and after
separation are both shown for comparison. As showkigare 3 12, at the leading edge, the

order distribution of the spectra for the five tires match much better éteseparation of tread

pattern noise. As shown Figure 3 13, at the trailing edge, the spectra also match more closely
after the separation of the trepdttern noise. However, there are still some discrepancies for the
norrtreadpattern noise of the five tires. The difference between various tires could result from

different environmental conditions and tire properties such as rubber hardness and tire stiffness.
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Figure 3 12 Comparison of noise spectrum of all five tires at 60 #igaiding edge (order

resolution: 0.5).
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Figure 3 13: Comparison of noise spectrum of fle tires at 60 mpfitrailing edge (order

resolution: 0.5).
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3.3.4 Comparison of the treagpattern noise of the same tire on different

pavement

The last section revealed that, for different tire types on the same pavement, tineadon
pattern noise appears be similar. In turn, the same tire on different types of pavement should
display similar treagbattern noise. To verify the hypothesis and test the effectiveness of the
separation methodology, the noise spectra for the same tire/speed on different pae@ment
compared with each other.

One set of datarpa section of newlpaved road that is smootheas collected for Tire 12 at 60

mph and 26 psi. Due to the limit of the time duration of the data, 35 revolutions are used for the
average in this thesigigure 3 14 shows the comparison of the treaaktern noise on different
pavement. As shown iRigure 3 14, the treaepattern noise spectra for the same tire on different
pavements have similar shapes. This daths that the tregmhttern noise separation is not
influenced by differences in pavement type. For further validation, théreadpattern noise

for Tire 12 on different pavements is also compared, as showgume 3 15. Howeve, it can

be observed that there is a large area of mismatch from55to65order. g. t he fAnew

is significantly quieter than the older pavement
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Figure 3 14: Comparison of th tread pattern noise on different pavement for Tire 12 at 60 mph
(order resolution: 0.5).
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mph (order resolution: 0.5).

The results provide further validation to the currently used separation methodology. In addition,

the results prove that the pavements have significant influence arotiteeadtire-pavement
interaction noisgas expected
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3.4 Signal separation results for acceleration case
3.4.1 Effects omumber of averages on the treagattern noiseseparation

In the current study, for the acceleration cases, the rpm order map is used rather than averaged
order spectrum tanvestigate the signals that remain at the same order with the change of the
speed. Unlike the constant speed cases, for acceleration, short time sequences are used for
average instead of the entire time duration due to the speed variation. Differentr mfmbe
revolutions used for averaging in each time sequence has influence on the separation results.
Hence, the results from different revolutions (2/4/6/8/10) used in each short sequence are
investigated. The overlap is chosen to be half of the numbereofetholutions used in one
sequenc€b0% overlap) The rpm order map for the trepdttern noise and the ndreadpattern

noise are presented in this investigation.

Tire 12 was selected for investigation in particular due to the high level ofpedtah noise it
generatedFigure 3 16 shows the treagattern noise and the ndreadpattern noise for all five
numbers of averages used. The left column shows theietatn noise and the right column

shows the noitreadpattern nese. FromFigure 3 16 (a), it can be seen that when only two
averages are used, most trgeattern noise can be separated; however, somdreapattern

noise components are also separated. Hence;separation will happen if opltwo averages

are used. As the number of averages increases, the separation becomes more stable and mixing
between the treagattern noise and the nareadpattern noise is reduced. It can be observed

that when the number of averages is larger thantlséx separation does not show noticeable
change. Hence, it can be concluded from the current results that six revolutions are sufficient to

remove the noitreadpattern noise.
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Figure 3 16: Comparison of the tregglattern noise for Tire 12 using different averaged

revolutions (order resolution: B).

3.4.2 Comparison of treaepattern/non-tread-pattern/total noise

In this section, the order spectra of total notseadpattern noise, and neneadpattern noise

are placed together for comparison. Thus, the extent of-pr&ideln noise separation is
displayed. To maintain consistency with former investigations, Tire 12 is also choseihere.
results of the othdires can be found iAppendixE. The number of revolution used is six with
50% overlap. It is shown iRigure 3 17 andFigure 3 18 that, at both the leading and trailing

edge, most of the periodic components related to the tread pattern excitation have been separated
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out. The results are analogous to the results of the constant speed (60mph) case, for which high
amplitude of tread pattern noise can be observed. The separated signals remain at the order
centered at the number of blocks of tread, which is 77.
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Figure 3 17: Tire noise separation for Tire 12 in acceleration (om@solution: 06)-leading
edge.
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3.5 Signal separation results analysis for tone case

The experimental data do not always adhere to expectaftonsexample, noticeable tones
appear at one section of teastboundroad These unexpected tones are hypothesized to be
related to the pavement rather than tread pattern. Hence, separation was carried out for the
signals with tone, in an attempt to identify whether or not they are related to the tread pattern.
The Tire 20 at 60mph case was chosen for analysis. As showigure 3 19, for both the

leading and the trailing edge, the tones do not appear in the tread pattern related noise
component, which indicates that they are not related to the tire rotation. The separated tread
pattern components are similar to the tread patterre re@parated from the TPIN without the

tone. It can be concluded that the tone is related to the pavement properties, which will be further
investigated in later experiments.
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Figure 3 19: Tire noise separation for the tone case with Tire 20 at 60 mph (order resolution:
0.5).
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Though the TPIN separation using the optical sensor was succelsfagptaration of tread

pattern noise without optical signals still of scientific interest Hence, this thesis also

investigates the application of several signal procedsicigniques for separating trepdttern

noise without usingptical signals. Firsthe autocorrelation methaslused tdind periodicity in

the signal. Then, a frequency domain filter, which has the capability of extracting deterministic

signals fromthe total measuredignals,is implemented on the simulatetgnal. Howeverthis

methoddid not succed in separatingignals related to tire rotatioflence, the filter was not

applied to the measured data. The principal component analysis (P@3€di® summarize the

informationgathered fronthe measured multhannelsignals. Imlependent component analysis

(ICA) is used to decompose muttihannel signals into different types of signal mixtures. The

results obtained bgach of thesenethods are analyzed andmpared to the treguhttern noise

computedin Chapter 3. The effectivesg of eachmethod for separation dhe treadpattern

noise signals is also discussed. However, the methods being used currently all have their

limitations inseparating the tread pattern related signals.

4.1 Autocorrelation analysis

Autocorrelation, by defition, is the crossorrelation with the signal itself at different time
delays. Aitocorrelation isawidely used tool for chedlkg randomnesand finding periodicity of
data.The basic idea for autocorrelation to detect the periodicity is that the pesigdal is still
correlated with gelf aftertime lag T Hence, autocorrelation can be used for detecting the
periodic components in the signalBor a set of discretized data the time domain the

expressiorfor autocorrelation is shown below:

Yy oo 2 oro: s
0 Eqgn. (41)

whereN is the total number of points of the dai#& the number of points of the time lag.
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In the present study, the autocorrelation analysis is applied to sound pressuneakaieed by

the OBSI systemDemonstratiorof autocorrelation analysis can be found\ppendixF. Firstly,

the autocorrelation analysis is applied to Tire 20 at 60 mph. Tlehistory of the signaland
autocorrelation is shown iRigure 4 1. The whole length of the signals, which is sampled at
25.6 kHz, is about 10.5 $he window selected for autocorrelation analysis is from the 76,801

to the 128,000 sampleswhich is a total of twseconds of datdt can be visually observed from
Figure 4 1 (b) that the autocorrelation contains much less random noise than the original signal

in thattime domain.

Then, thepressurgpower spectrum is computed using the conventional Fourier analystae

total signal At the same time, thpressure power spectruis also computed by takinghe

Fourier transform of the autocorrelation and then computing the magnitude of the complex
values.It can be seen frorfrigure 4 2 that the autocorrelation spectrum shows clearer peaks
than the power spectrum of original signals, which means that some-danddsignals are
cancelled outby autocorrelation However, the autgpectum still shows peaks in a wide
frequency range for both leading edge and trailing edge signals. This indicates that the periodic
signals are composed of signals from differentrees, and treagdatternnoise is only one of the

components of the periodsignals.
Figure 4 3 shows the comparison beten the autspectrum and treadattern noise spectrum

computed using the optical sign@om Chapter 3), both of which show clear peaks around 1

kHz at both the leading edge and tragliedge. However, they do not shegry good agreement.
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Figure 4 1. Time history of sound pressure and its autocorrelation for Tire 20 at 60 mph. (a)

Sound pressure signal in window; (b) Autocorrelation ofstinend pressure
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Figure 4 3: Comparison between tregqattern noise spectrum and agfmectrum for Tire 20 at
60mph (frequency resolution =H).
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Then, the autocorrelation analysis is applied to Tire 12 at 60 Tighwhole time length of the
signals, which is sampled at 25.6 kHz, is absi¥ seconds The window selected for
autocorrelation analysis is from the 76,80doint to the 128,000 point, which contains a total

of two secondsworth of data (between the93and the % seconds) For Tire 12, the auto
spectrum shows clearer peaks than Tire 20; this is hypothesized to be related to-teeehigh
tread pattern noise generated by Tire 12. As can be obser¥guire 4 5, the autospectrum
correltes much better with the trepdttern noise than Tire 20n shape but not in levels
Autocorrelation can preserve most periodic components in the signal, hence the results show that
most periodic components of Tire 20 are not relatetread pattern, while for Tire 12 tread

pattern plays a significant role in noise generation.
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Figure 4 4: Comparison between total noise and autocorrelation for Tire 12rapB0

(frequency resolution =H8z).
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The results from Tire 12 and Ti&0 show that autocatation analysis can extract mosttbé
periodic signals, including both the signals related and unrelated to the tread pattern. By
comparing the results of both tires, we can seettimmethodvorks better for Tire 12 than Tire

20. This means that Tire 12 contains more tieattiern periodic signals while Tire 20 does not
produce much treagattern noise. The results indicate that the autocorrelation works better for

tires with hgher pattern aise, which necessitatesore validation later.

4.2 Frequency domain filter
4.2.1 Methodology

A frequencydomain (FD) algorithm was proposed for separating periodic signal from broadband
signal [Antoni et al, 2004]First, the problemis rephrasedn terms of shat-time sequences.
Definexk (n) asa properly windowed sequence of length N taken at time&ln ¢ ®¢

Y ¢h TB8R pwithyd £ ,a weighting window ofthe length N In the same

way, let® & be a sequence taken at tinfl@YO VY, ie.® & ®& QYO

YO &R pB8R p. The construction of sequences ¢ and w & is shown
schematically inFigure 4 6. The objective is to find the filter which best pradim & from

w ¢ . It should be notedhat, in spite of the windowing, the deterministomponents in the
signal remairdeterministic andra still perfectly predictable. Howevdahe broadband noise will
berejected from the predictad ¢ if the two are uncorrelatedhich places as a constraint that

Y is strictly positive

Under these condition#he optimal filter achieving the minimum mean square predictioda
frequency response that can be given by,

v QY 9 Y 0 Eqn. (42)
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where Scp(f) is the crosgpower spectrum between two arbitrary sigf@landD; andw €

n € 1 € withn &€ andi € the deterministic and nedeterministic parts.

X () 4%%‘%%— xd (n) «MWMMM@»

) |

|

{ N \ A ( N

Figure 4 6. Shorttime sequence used in the frequedoynain algorithm.

Labelling® ; "Qand® ; "Q as Mlong discrete Fourier transforms®f ¢ andw € .

Or Q & QY £Q Eqn. (43)
The simple estimator D "Q on K sequences is thus given by
ey B @f QO Q
0Q P ———

B ®p Qv Q Eqn. (44)

This quantity can now be transformed back into time domain to form-laniyl noise

cancellation filter to be applied directly on the measured sigrial.
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4.2.2 Application of the FD filter to the simulating signals

Simulatedsignal, whichwasconstructedn the same way as the signal introduced in se&i2n

is tested in this section. The signal contains sine wave with single frequency and white noise.
The signal contains: (1) 200 Hz sine wave; (2) 80 order sine wave; (3) white noise. The sampling
frequency of the signal is 25.6 kHz. The time length of one segment is chose®ttspand in

total 20 segments are used. The time delay is chosen to Herthn of 52 segments, €.§.2
seconds of dataAs shown inFigure 4 7. The 20 Hz sine wave becomes clear after filtering.
However, the signal of interest, which is the 80 order signals, is filtered out. Hence, the method
is not sutable for separating the trega@ttern noise out of the total TPIN.

N

w
N
w

T 2 8 2
S15 E 1.5 .
3 c
il
o | |
o 1 | 1 ‘ u i{\\\ |\|‘ ! \IH ¥ \\‘ n‘
Mo ‘ 7 f
0.5 ‘ | ‘ M I \‘lfflltﬁ‘l 0.5 i\'r’ ‘H|'~| “‘. | I“ \ “II\ I ” ’IU ||“, "I 'I‘ “' Hu \er ‘\lm ‘l | \'”““l “; I‘I‘ |M|“,,‘|
0 J J \' . ’(H W 0 \ \I
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
Frequency (Hz) Frequency (Hz)
(a) Original signal (b) Filtered signals

Figure 4 7: The power spectra of the short time sequence.
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4.3 Principal component analysis

Principal component analysis is one method of summarizing data using linear combination of the
original obserations, to achieve dimension reduction. For p variald$, 8 ho , the data can

be rotated and synthesized usprgpercoefficients, as shown below.
« O e N e E O e Eqgn. (45)

This approach is preferable if rotation aims to maximizevilr@nce of the data. The principal

components (PC), which preserve most variance, can explain most of the data.

In this study, nosstandardized data are used because different variables are based on

synchronized measurement. First, the data is centetemle zero mean,
£ L &L Eqn. (46)
where= is thematrix the contains observatiomst8 8 he as row vectors.

Then, the varianeceovariance| matrix of the centered data matrix is calculated,
| oed Ean. (47)

The eigenvalues and eigenvectorg of the varianceovariance matrix can be calatgd.
The eigenvalues represdahe variance explained by one PC, and the eigenvector is the loading

that transforms the original data into its principal components. The rrﬂactsm be decomposed

into the combinations of eigenvalues and eigenvectors,
{ _m E _m Eqn. (48)

The eigenvectorsan nowbe used to transform the originally observed data into a new set of

data reordered according to value of variance,
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The eigenvalues corresponding to each eigenvector is the value of variance of the newly

transformed data. For example, the variance a6 _ .

Tire 12 is chosefor analysishere. The time history and the spectra of the microphignals of

Tire 12 canbe found inFigure 2 6. The dominant frequencies for data from all three
microphones are from 800 Hz to 1100 Hz. The first three eigenvalues of the 3 principal
components are: 59.57, 30.25, 6.1, whiaficatesthat the two PCs explain 93% of the variance
and, hence, the first 2 PCs contanost of the dataThis can beobserved inFigure 4 8 and

Figure 4 9. The amplitude of the time history of the signsti®ws a rduction betwee®C land

PC 3. In the frequency domain, in the dominant frequency range, the amplitude of PC 1 is much
higher than PC 2 and PC 3. Théssupporting evidence th#tat PC 1 preserved most the
informationfrom thesignal measured at diffent locations.
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Since PC 1 contairthe most information related to the noise détes compared with the tread
pattern noise shown in ¢pier 3. In chapter 3, the tregdttern noise spectraene displayed in

order domain. However, for comparison with the spectrahefRC, the spectra of the tread
pattern noise introduced in chapter 3 are converted into frequency domain using the relationship
between the speed and rotation. As showirigure 4 10, PC 1 does noth®w significant
matching with treadpattern noise agither thetrailing edge otheleading edge. One reasonable
explanation for thisack of alignments that, after summarizing the data into smaller nusoer

data with large variances, tR&€s with large variance contamoise generated from varioother
mechanisms.
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Figure 4 10: Comparison between principal component and tread paitese Tire 12 at 60
mph. (frequency resolution =Hz)
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4.4 Independent component analysis

In this study, independent component analysis (IGA3pplied to the measured d&datest the
feasibility of decomposing the nefield pressure signals into signals from different sources. The
ICA can linearly decompose mixed signals fraatistically independent and n@aussian
sourcesnto the original signal§Comon et al, 1994)n the ICA analysis, signals from different
sources are supposed to mix linearlendte the observed variables dy@Q FQ phesdE o

phB'Y In this definition,i is the index of the observed data variable wisdthe index of time.
Thexi(t) are typically signals measured by a device such as a microphone. We assume that they
can be modelled as linear combinations of hidden varigfteg=1, . . .,m, with some unknown

coefficientsaj,

w o wi 0hQ pB8IE Eqn. (49)

The only observable variable xgt), whereas botla; ands(t) are to be estimated. Tlseare the
independent components, whereas the coeffic@ntsereferred to ashe mixing coefficients.
Furthermore, the; are usually collected into a vectoof dimensionn, the same is done for the
s and the coefficients; are collected into a mixing matri of sizen x n. Then, the model can
be written as

o A’ Eqn. (410)

wherex ands are now random vectors, aAdis a matrix of parameters. Likewise, we can move
to a matrix notation where the obserwe() are collected into @ x T matrix X ands(t) are
collected into an x T matrix S, with i giving the row index antlgiving the column index, giving
the equatiorbelow:

n An Eqn. (411)

TheEqgn. (410)is in vector form, while th&gn. (411)is formed by collecting the vectors into a
matrix. The esmation of the mixing matriA is critical in ICA. Several welknown algorithms
have been developed to achieve the estimation. One of them is the fagidixedlgorithm
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(Hyvéinen et al, 1997, which is adopted in this study. After the matAxis edimated, the

independent components (IC) that represent the sources signals can be computed,

n An Eqn. (412)

Some simulatedignals were generated and tested with ICA, which can be foukopendixG.

First, the acceleration case of Tire 12 is analyzed, due to its high level of tread pattern produced
noise. The order maps for data from the three microphones and three independent components
are calalated for comparison. Ashown inFigure 4 11, the order maps of the total TPIN show

a large proportion of the noise remains at the same order regardless of the rotation speed, while
another part of the noise is not related to theerbtation. For the order maps of the IG&g(re

4- 12), IC 2 shows mostly the constant order component while IC 1 shows the components that
are not related to tire rotation. The 77 order components become larger in IC 2 as the speed goes
up. IC 2 showstrong characteristics of tre@attern noise while IC appears to be close to the
nortrtreadpattern noise. Hence, for Tire 12, the ICA method shows some potertialaile to

break signals into components both related (IC 2) and unrelated (IC 1) to the tread pattern.
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Figure 4 11: Order map for microphone sigr&éire 12 in acceleration (order resolution = 0.5).
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Figure 4 12: Order map for independent componeniiee 12 in acceleration (order resolution =
0.5).

For Tire 20, ashown inFigure 4 14, none of the order map of ICs shows clear separated tread
pattern components. As shown im&pter 3, Tire20 does not produce much treaaktern noise.
Hence, the results shown kigure 4 14 could be explained by the low tregmhttern noise level

of Tire 20.

In spite of some potential that the ICA method shows to decompose thent®Ilddmponents
mixed by certain groups of sources, the results are still not satisfactory enough to nnakg a s
corclusion that the treagatternnoise can be separated from other mechanisgpscially for

tires with low pattern noiseOn one handthe TPIN is mixed by noise generatiedm seveal
complicated mechanismsence, the number of microphones to collect tada may be
insufficient Onthe other handwo microphonesvithin a singleintensity probe are very close to
each other, while the microphones in different intensity probes are much spaced furthenaway. |
the future,a new method ofnearfield microphame setup with more microphones and different

spacingcouldbetestedfor its efficiency incollecing tire noise datavith thelCA method.
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This chapter will investigate éhcorrelation between the trepattern noise and tread pattern

parametersbg o mpar i ng t he Apattera gpectra tmthe trépltern norsed e d

tread pattern parameters include tread pattern and air volume velocity sppecthtan the

tread pattern parameterthe tire surface was digitized to obtain the 3D tread profile. Then, the

binary matrix of the 2D tread patterns was obtained, and the order power spectra were calculated

for the comparison with the tread pattern noise. The air volgioeity at the contact patch was

also calculated using the tread prafilthe comparison was conductedtla¢ 3¢ section of the

chapter.

5.1 Tread pattern digitization

In this study,a CTWIST machine Figure 1 2) was utilized toscan the tire surfacé&he
digitization is offer by Hankook)The digitization resulted ithe three dimensional (3D) tread
profiles of the five tires, which is in the format of a two dimensional 2D matrix saved in a text
file. The 3D tread profile of TirQ0 is visualized a&igure 5 1. The circumferential slice and
horizontal slice are demonstrated in the same figure. The resolution3i tinead profile image

is 4096*325, corresponding to the length of 2133.6 amu the width ofL65 mm, respectively.

The 3D profile matrix shows a horizontally curved surface due tinftagion of the tire,which
prevents theaw tread profile datcom beingdirectly used for the tread pattern analysis. Hence,
codes have been developed to elirterthe curvature of the scanned tread surface profile in the
horizontal direction for the more realistic representation of the tire surface that is in contact with
the road, which is detailed in the next paragraph. The curved 3D tread profile is alsdecbnve
directly to a 2D tread pattern matrix, which is used for the tread pattern order spectra calculation

in this study.
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Figure 5 1: Original tread profile demonstration of Tire 20 (SRTT).

The CTWIST machine digitized thentire tire surface which includes section that transitions
between the tread and the side whlénce, part othe tread surface is cut off symmetrically at
both edgesof the tire. For Tire 20demonstrated ifrigure 5 2, 165 mm ofmanuallymeasured
tread widthis cut out of a width of 199.1 mm. After choosing proper tread witith3D tread
profile is processed to eliminate its horizontal curvature. First, the highest point"for n
circumferentialline with tread blocks is found and the hei@htis recorded. Then, the global
maximum value H is picked out of the highest poifiis)(for all the circumferential lines. The
height difference for the highest point of each circumferential line angldbal highest point is
calculated,

3Q 'O 'O Egn. (51)

Then, the height differenaQ is added to all the points in th& circumferential ine. After the
elimination of the horizontal curvatyrall the circumferential lines on the tread surface liage
same reference height. The horizontally 3D tread profile without horizontal curvature is shown in
Figure 5 2.
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Figure 5 2: De-curved tread profile demonstratidire 20 (SRTT)

The 3D treadsurface height profile ialsoconverted into a 2D tread pattern binary matrix for the
calculation of the tread pattern spectral content. To this end, the highest@oinend lowest
points’Q  for N circumferential line are identified. Thethe height difference between the

highest point and the lowest point of tH&lime is calculated,
3Q Q Q Eqn. (51)

using3’Q , thecircumferential grooves are differentiated from the circumferential lines with
both blocks and grooves. A reasonable difference threshold 3é@h¢$ set, according to the
actual measurement, which is 4 mm for Tire 2@ 3'Q, the ¥ circumferential line has
both tread blocks and tread grooves; otherwise,Qf 3'Q, the A" circumferential line

belongs to the circumferential tread groove.

After the type of the circumferential line is identifiédrther detailed differenttson is neededo
identify tread blocks and grooves in the rib. In this step, the height difference between all the

points and the highest points ifi line is calculated,
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where m meanthe m™" points inthe n circumferential ine. Analogous to the differentiation
between different types of the circumferential lines, a reasonable difference threshold height
3'Q is set for tread block and groove within one line, according to the actual measurement, 3
mm is chosen for Tire 20 3'Q  3'Q , the ni point in the {' circumferential line is in tread
block; otherwise, iB'Q  3Q , the n{" point in the i circumferential line belongs to the

groove.

After all the points in the tread profile are identified, the pointsesgmting the tread block are
assigmedthe value 1, while the pointepresenting the tread grooaeeassigned the value 0. In
this way, the 3D tread profile is digitized into a binary image matrix, in which digit 1 represents
blocks and digit O represerngsooves. The digitized 2D tread patterns of the five tires are shown

in Figure 5 3.
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Figure 5 3: Tread patterns of tires.
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5.2 Tread patternand air volume velocity spectrum

The proceduref converting the 2D tread patterns into phase domain, which is a special form of
time domain signals with constant phase increment, is showigume 5 4. The demonstration
of the tread content for a section of one circumferential line is showigure 5 4 (b), which
starts at 0 mm and ends at 500 mm. The unit of the phase is chosen to be rev. Hence, the phase of
completing one resution is 1,

n p
wheren is the phase angle to complete one revolution. It is straightforward that the phase of

each circumferential position can be calculated by linear interpolation,
. a
n (Trl
wherer| is the phase of thcircumferential position, N is the total number of digitized tire

pixelsin one revolution. Following the aforementioned procedures, the tread information can be

converted into phase domain, as showRigure 5 4 (c).

Figure 5 4. Demonstration of 2D tread pattern conversion into phase domain
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