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ABSTRACT 

Tire-pavement interaction noise 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 interaction noise is tire tread excitation. The tire tread contributes to the tire-pavement 

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 easily modified. Hence, the main focus of this 

study is to quantify the tread pattern contribution in total tire-pavement interaction noise. To 

achieve this goal, the noise produced by the tread pattern is separated from the total tire-

pavement interaction noise. Since the tread pattern excitation is periodic with tire rotation, the 

noise produced by the tread is assumed to be related to the tire rotation. Hence, the order domain 

synchronous averaging method is used in this study to separate and quantify the tread pattern 

contribution to the total tire-pavement interaction noise. The experiment has been carried out 

using an On-Board-Sound-Intensity (OBSI) system. Five tires were tested including the Standard 

Reference Test Tire (SRTT). Compared to the conventional OBSI system, 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 using optical signals, other data processing techniques have 

been investigated for separating the tread-pattern noise without utilizing the once per revolution 

signal. These techniques are autocorrelation analysis, a frequency domain filter, principal 

component analysis, and independent component analysis.     

In the tread-pattern noise generation, the tread profile is the most important input parameter. To 

characterize the tread profile, the tread pattern spectral content and air volume velocity spectral 

content for all the five tires are computed. Then, the tread pattern spectrum and the air volume 

velocity spectrum are both correlated with the separated tread-pattern noise by visual inspection 

of the spectra shape.  



 

 

 

GENERAL AUDIENCE ABSTRACT 

Tire-pavement interaction noise 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 interaction noise is tire tread (the part that is in contact with the ground on the surface 

of the tire) excitation. This type of noise is called the tread-pattern noise. This study is dedicated 

to separating the tread-pattern noise from the total tire-pavement interaction noise, which has not 

been reported in the open literature. The separation of the tread-pattern noise can provide critical 

criteria for the tread-pattern acoustic design, which is one of the most important factors in the tire 

tread pattern design. Hence, the acoustic design of the tread pattern can be evaluated directly 

from the tread-pattern noise measurement, thus improving the design efficiency. In addition, the 

standalone study on the tread-pattern noise can reveal more fundamental physical underpins how 

the geometry of the tread can affect the noise generated. This finding has the potential to inspire 

the design of the tires with higher acoustic performance over the tires being used currently. 
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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Background 

It is widely acknowledged that tire-pavement interaction noise (TPIN) is one of the main sources 

of urban noise pollution. It is the dominant noise source when the vehicle speed is higher than 

50km/h (Sandberg, 2001). Modern TPIN research started around mid-1970ôs as engines became 

less noisy and aerodynamic design of vehicle bodies was optimized (Sandberg et al, 2002). 

However, due to the complicated nature of noise generation mechanisms (Dare, 2012), it is still 

difficult to predict the TPIN accurately. Amongst all the mechanisms, the tread 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 still being developed each year. Hence, the 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 interest for the industry, and there are extensive interests to investigate the noise 

generated by tread pattern. The effects of the tread patterns on the total TPIN have been 

investigated both experimentally (Ejsmont et al., 1984) and numerically (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 numerical data 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 ability to predict and measure the tread-pattern noise will facilitate improvement of tread 

pattern designs. To be able to study the effects of the tread pattern on noise, the measured tread-

pattern noise component must be separated from the noise generated by other sources. However, 

studies on the noise produced by tread pattern directly have yet to be reported, which necessitates 

the work to separate the tread-pattern noise in the thesis. 
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1.2 Literature review 

 Tread pattern produced noise 

The tire tread pattern is the arrangement of ribs, blocks, and grooves on the tire surface. An 

illustration of a tire with one particular design of tread pattern is shown as Figure 1- 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 found in Appendix-A.  

 

 

Figure 1- 1: Illustration of the tire. 

 

The tire tread profile can be obtained using a CTWIST machine, as shown in Figure 1- 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 surface points. 
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Figure 1- 2: Illustration of the CTWIST machine. (www.starrett.com/metrology/metrology-

products/laser-measurement-systems) 

 

The tire tread pattern can generate noise though three mechanisms: (1) tread block impact; (2) air 

pumping; and (3) pipe resonance in the grooves (Ejsmont et al., 1984). In accordance with the 

tread-pattern noise production mechanisms, three approaches have been proposed to reduce the 

tire noise related to tread pattern (Sandberg et al., 2002): (1) pattern randomization to reduce 

tread impact concentrated in specific frequencies; (2) groove ventilation to reduce air pumping; 

and (3) modification of the geometry of tread segments (length, width, depth, angle of 

block/groove) to reduce tread impact in certain frequencies. Simple examples are given in Figure 

1- 3. Figure 1- 3 (a) shows the regular tread pattern formed 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 offset of tread blocks between different tread ribs, as shown in Figure 1- 3 

(b). In addition, Figure 1- 3 (c) shows the modification of the tread segment geometry by 

changing the angle between sides of the segments. The geometry modification can also be 

achieved through alternate, more complex methods. 

http://www.starrett.com/metrology/metrology-products/laser-measurement-systems
http://www.starrett.com/metrology/metrology-products/laser-measurement-systems
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(a)  

 

(b) 

 

(c) 

 

 

Figure 1- 3: Illustration of simple tread patterns: (a) regular pattern, (b) pattern with offset, and 

(c) pattern with modified geometry. 

 

One well-known method to model tread-pattern noise, using the relative rotation of the rib, was 

developed (Parker et al., 1988). First, the tread pattern is digitized into a binary matrix on proper 

coordinates, in which digit 0 represents tread grooves and digit 1 represents tread blocks. Then, 

the accurate footprint profile of the leading/trailing edge is defined using an appropriate 

algorithm. The noise producing function, which defines the noise production of each element in 

the matrix, is then summed sequentially along the profile over the tread circumference. The 

summation is converted into analog signals, representing the sound production. Based on this 

work, other methods were developed for tread-pattern noise prediction. For example, Cao et al. 

coupled the tread-pattern noise production model with road noise production model, thus 

enabling simultaneous modeling of the pattern/road interaction noise (Cao et al., 2008). In 

addition, Liu et al. applied a fuzzy generic arithmetic to the conventional tread-pattern noise 



5 

 

modeling, which significantly improves the efficiency of the optimization of the tread pattern 

parameters (Liu et al, 2010).  

 

Other methods have also been proposed to model tread-pattern noise. In one method, the tread 

pattern excitation was modeled by linearly superposing the force produced by each tread element 

in contact with the road (Kim et al, 2000). Dynamic contact pressure, which is 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 kHz. In addition, a human perception model was developed to correlate the 

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

the tread pattern geometry was treated as an input for noise prediction. Then, tread pattern input 

was processed to predict the tread-pattern noise in a conventional way proposed in the patent 

(Parker et al., 1988). The novel part of this study was the further correlation of the tread pattern 

generated noise with human perception using sound quality metrics. 

 

Liljegren investigated the correlation between tread pattern design and the noise generated by 

tires (Liljegren, 2008), using the commercial software SPERoN (Statistical Physical Explanation 

of Rolling Noise). The software has been developed in recent years by researchers at Chalmers 

University and consulting firms M+P/ Muller-BBM. A hybrid approach containing both a 

contact model and a statistical model is used in the codes to predict the tire/pavement noise. For 

the contact model, the inputs are pavement surface profiles and 3-D tread profiles. Then, the 

contact force is calculated as a function of inputs such as tread profile and tread stiffness. After 

the contact force is calculated, it is used as the input parameter to the other half of the hybrid 

model, which is statistical model. For the statistical model, other inputs aside from contact force 

include airflow resistivity and vehicle speed. The statistical model correlates those input 

parameters with the measured noise data. In summary, the hybrid model can predict the 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 design. Following the first investigation of air pumping generated noise (Hayden, 1971), 

most studies identified the source of air pumping as the volume change of tire cavities. Studies 
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based on monopole (simple sound source) have been made extensively and experiments have 

shown good agreement with this 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). He assumes that the air is not sensitive to local volume changes, which is similar 

to a damped oscillator, while the monopole theory equates local air movements exactly with the 

volume changes of the system. Experiments were carried out to validate both the monopole 

theory and Gagenôs model (Eisenblaetter et al., 2010). The results showed that Haydenôs model 

failed for the leading edge signal as the pressure pulse duration was shown to be constant for 

different tire speeds. The experiment supported Gagenôs approach as being preferable to 

Haydenôs model.  

 

 Order tracking analysis and synchronous averaging 

Order tracking analysis and time synchronous time averaging are both reviewed in this section. 

Order tracking analysis is a signal processing method to investigate the signals that are related to 

machine rotations. It is widely used for rotating machinery diagnostics, such as gear boxes and 

shafts. Rotating machinery produces periodic vibration and acoustic signals that are related to the 

machine rotation. For tires, the excitation of the tread pattern blocks is periodic with the rotation. 

Hence, the tread-pattern noise should also be related to the tire rotation. Due to the similarity 

between the tire and rotating machinery operation, the order tracking analysis can also be used to 

quantify the periodic signals related to the tire rotation, which is tread-pattern noise. To separate 

the tread pattern related 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 averaging algorithm is 

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., 1995). An order power spectrum gives information about the amplitude 

and/or the phase of the signal as a function of harmonic (integer multiples) order of the rotation 

frequency. This means that a harmonic or sub-harmonic order component remains in the same 

analysis line independent of the speed of the machine. In order to produce phase angle-based 
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data, the uniform time interval data must be processed to convert the time-based data to phase-

angle-based data (Potter, 1990). Prior to Potterôs work, numerous hardware components were 

used to perform the conversion, such as a sensor that monitors the rotation of a shaft and a 

counter that registers the pulses when the shaft is rotating. Aside from the hardware, one or more 

tracking analog filters needs to be used to limit the aliasing error associated with the data 

sampling, and a tracking ratio synthesizer is used to generate sampling pulses synchronously 

with the rotation of the shaft. Potter et al. proposed a new computed order tracking scheme that 

reduces the complicated hardware equipment and eliminates the inherent time delay associated 

with the hardware (Potter et al., 1989; Potter, 1990). Using computed order tracking, the signals 

are sampled at a constant time increment. Then, the signals are resampled by interpolation to 

have a constant phase increment. Studies were also carried out to examine the effects of several 

factors, which are inherent in the computed order tracking method, on the accuracy of computed 

order tracking (Fyfe et al., 1997). Among these factors are rotational speed, filtering, and the 

interpolation method. It was found that increasing sampling rates on key-phasor and data signals 

can improve the accuracy of the order tracking. Additionally, the improvement of key-phasor 

timing accuracy can also increase the order spectral quality.  

 

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 rotation. Then 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 averaging are combined with order tracking analysis, which means the averaging is 

taken in the order domain rather than the time domain. 

 

 Signal processing techniques for periodic signals detection and separation 

Aside from order tracking analysis and synchronous averaging, 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; (2) 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 this case is the 

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 autocorrelation function is computed from the correlation with the signal itself (Priestley, 

1982), and it can be used to detect the periodicity in signals as well as de-noise the signal 

(Parthasarathy, 2006). The basic idea for autocorrelation to detect the periodicity is that the 

periodic signal is still correlated with itself after time lag T. This can be shown in the following 

equation, 

 Ὓὸ Ὕ ὛὝ Eqn. 1-1   

 

where S is the periodic signal and T is the period. However, non-periodic signals are not self-

correlated when delayed (Martin et al., 2010). Autocorrelation has been applied to de-noise the 

signals and find periodicity in different backgrounds. Gur et al. implemented autocorrelation to 

remove background noise and to detect the harmonic components of manatee vocalization (Gur 

et al., 2007). Xue et al. proposed to use autocorrelation to de-noise the signal as a form of pre-

processing of the empirical mode decomposition (Xue et al. 2012). 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 and to separate 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 non-stationary 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 shown in Figure 1- 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 it is capable of separating the periodic components that are related to the 

tire rotation. 
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Figure 1- 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 information is known about the sound source characteristics (Hyvärinen et al, 

2001). Firstly, blind source separation can be achieved through principle component analysis 

(PCA). The PCA can summarize the data using linear combination of the original observations, 

to achieve dimension reduction (Tabachnik et al., 2007). In this process, the multivariate signals 

are re-combined using a coefficient matrix, 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 data measured on different pavement types (Ongel 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 by On-Board-Sound-Intensity (OBSI) system has yet to be 

reported. 

 

Independent component analysis, which is based on PCA, is a more powerful tool for performing 

blind source separation (Hyvärinen et al, 2001).  For ICA, the measure is based on non-

Gaussianity and the axes are not independent. A covariance 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 to separate signals that are maximally independent and non-Gaussian 
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(Hyvärinen, 2013). In the ICA algorithms that have already been developed, a fixed-point ICA 

algorithm was developed to perform fast ICA on the observed data (Hyvärinen et al, 1997). This 

algorithm can separate several non-Gaussian signals with high efficiency, hence, it is adopted in 

this study.  

 

1.3 Thesis Objectives 

This study aims to separate noise signals that are related to tread pattern from the total TPIN 

noise, as well as to correlate the tread-pattern noise with the tread pattern parameters. The noise 

generated by the tread pattern has the characteristic of being periodic 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 tread-pattern noise using 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, signals 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 the effectiveness 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. The results 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 tread-pattern 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 tread-pattern noise spectra are compared with the 

tread pattern spectral content to investigate the correlation between the tread pattern 

characteristics and the tread pattern produced noise. 
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1.4 Thesis Organization 

This thesis is organized in six chapters. Chapter 1 gives the background of the current research, 

literature review, the goals and organization of the thesis document. Chapter 2 presents the 

experimental setup, test procedure, data collected, the data processing.  In Chapter 3, firstly, the 

methodology to separate tread-pattern noise using optical signal is described. Then, the results 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 results are compared 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 tread-pattern noise is investigated. Chapter 6 concludes the study and gives 

suggestions for future work based on the current results. 
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2 9ȄǇŜǊƛƳŜƴǘǎ 

The experiments were carried out to collect tire-pavement 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 data are processed 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 tested. The numbers assigned to each of the five tires tested 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 illustrated in Figure 2- 1. All the tires have the same 

radius, while Tire 20 (SRTT) has different width. The number of blocks shown in Table 2- 1 is 

the number of tread elements within one tire circumference. The number of plies in the tread 

band and side-walls is one critical factor 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: Specifications of the tested tires. 

No. Size Condition 
Number of 

Blocks 

Number of Plies 

(Tread) 

Number of Plies 

(Sidewall) 

Rubber Hardness 

(Shore A) 

12 215/60R16 Winter/Snow 77 4 1 56 

15 215/60R16 All season 72 4 1 55 

18 215/60R16 All season 65 5 2 65 

19 215/60R16 Winter/Snow 60 5 2 64 

20 225/60R16 All season 81 3 1 65 
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Figure 2- 1: Numbering and tread patterns of the tires. 

 

The test was conducted on a section of the U.S. Route 460 near Virginia Tech (between 

Toms Creek Rd. and North Main St. with a total length of around 1.3 miles). The pavement 

is a non-porous asphalt pavement, details of which are shown in Figure 2- 2. The test was 

run on both the eastbound and westbound section. However, due to the similarity of the 

pavement on the two sections, only results on eastbound section will be discussed in this 

thesis. 

 

 

Figure 2- 2: Testing pavement. (source from Google Map) 
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The OBSI system was used in this study to collect the noise data, as shown in Figure 2- 3. The 

sampling frequency of the OBSI systems was set to be 25.6 kHz. The OBSI system based on the 

AASHTO TP-76 standard is widely used for tire-pavement noise 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 probe contains two microphones. Before each installation, microphones 

need to be calibrated to maximize sensitivity. Compared to a conventional OBSI system, an 

optical sensor is additionally incorporated into the modified OBSI system used for the 

experiments. The specifications of the optical sensor can be found in Appendix-B. One of the 

microphones (Channel-4) was disconnected, allowing the channel to be used for optical signal 

collection instead. Hence, only three channels were used to collect tire-pavement noise pressure 

data in this experiment. The optical sensor was mounted in an aluminum rectangular tube, which 

was connected to the OBSI system through an L-shape bar and screws. The aluminum tube can 

prevent the interference of sunlight, thus improving the accuracy of the optical sensing system. 

The optical sensor radiated an optical beam onto the side wall of a black disk that rotated 

simultaneously with the tire. Once the optical beam hit the retro-reflective tape, it was reflected 

back to the optical sensor. The sensor then received the reflected optical beams and converted 

them into an electric signal. The 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 acceleration. The vehicle used for testing was a 2012 Chevrolet 

Impala LT (front wheel drive). As shown in Figure 2- 4, the OBSI system was mounted on the 

right-rear wheel of the vehicle with a camber angle close to zero (Li et al, 2016 (a); Li et al, 2016 

(b)).  

 

Figure 2- 3: OBSI system with optical sensor. 
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2.2 Experimental procedures  

All the tires were tested between March 7 and March 11, 2016. As is shown in Table 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 Date Weather 

Condition 

Inflation Pressure 

(Pa) 

Humidity 

(%) 

Tire Temperature 

(°F)  

 

Tire 12 

 

Day 4 

 

Sunny 

40 70 84 

32 64 88 

26 58 92 

 

Tire 15 

 

Day 3 

 

Sunny 

40 92 81 

32 76 88 

26 69 94 

 

Tire 18 

 

Day 2 

 

Sunny 

40 71 77 

32 66 86 

26 60 88 

 

Tire 19 

 

Day 4 

 

Sunny 

40 81 82 

32 80 87 

26 77 83 

 

Tire 20 

 

Day 1 

 

Sunny 

40 50 96 

32 50 104 

26 54 100 
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Figure 2- 4: OBSI system installed on 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 shown in Figure 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 environmental 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 manually recorded in a table, as shown in Table 2- 1. The test of each 

tire follows the test matrix as shown in Table 2- 3. After testing the inflation pressure and speeds 

for one tire, the car was driven back to the lab 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 addition 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 time length of the 

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. Speed [mph] Run Dir. Speed [mph] Run Dir. Speed [mph] 

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 AccelČ65 9 E AccelČ65 9 E AccelČ65 

10 W AccelČ65 10 W AccelČ65 10 W AccelČ65 
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2.3 Spectral analysis of the experimental data and its limitation 

The total time duration of one test run is 1 to 1.5 minutes. The amount of data in each run is 

more than enough for data processing. About 10 seconds of data are windowed out of the 1-1.5 

minutes of data for each run. 

 

The optical signal is shown in Figure 2- 5. The optical sensor generates a pulse when completing 

each revolution. As shown in Figure 2- 5 (a), it can be seen that each time the optical sensor 

received the beam reflected by the retro-reflective tape, nearly constant 5 volts electrical signal 

was generated from the sensor. As shown in Figure 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 about 0.0015 seconds (1.8505s-1.8520s). The moment at which high voltage 

oscillation starts is regarded as the time completing one revolution, which is indicated in Figure 

2- 5 (b).  

 

 

Figure 2- 5: Optical signal demonstration-Tire 20 at 60 mph. 

 

An example of the microphone signals is displayed in Figure 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 

red lines is the superimposed optical signal. It can be seen that the amplitude of the time history 

is about 20 Pa for all three microphones, which means that near-field tire noise level is high. The 

tire noise time history shows obvious periodicity at low frequencies, while the high frequency 

periodicity is not evident. To clearly investigate the frequency components in the signal, 

frequency domain analysis is utilized. 
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(a) Mic-1 

 

(b) Mic-2 

 

(c) Mic-3 

Figure 2- 6: Time history of microphone signals and optical signal-Tire 12 at 60 mph.  

 

The spectra for the three microphones signals for Tire 12 at 60mph are shown in Figure 2- 7. It 

can be seen that Mic-1 and Mic-2 have very similar spectral content, due to the close spacing of 

the two microphones. Hence, the data from Mic-1 will be chosen to represent the leading edge 

noise. The trailing edge noise, which is recorded by Mic-3, shows different frequency spectral 

shape compared to leading edge noise. Hence, 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 when the microphones are covered by a wind screen. However, the noise 
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components below 300 Hz is not of our interest in this study, because A-weighting makes this 

part of the spectrum insignificant in the noise spectrum.  

 

 

(a) Mic-1 

 

(b) Mic-2 

 

(c) Mic-3 

 

Figure 2- 7: Frequency power spectra of microphone signals-Tire 12 at 60 mph. (Frequency 

resolution = 5Hz) 

 

The spectra at different speeds for Tire 12 are shown in Figure 2- 8. It can be observed that there 

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 the spectra of Tire 12 shows a 

significant amount of tread-pattern noise related content.  
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(a) Leading edge 

 

(b) Trailing edge 

Figure 2- 8: Comparison of frequency power spectra for different speeds-Tire 12. (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 shown in Figure 2- 9. It is notable that there are two 

components in the noise spectra. 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 for acceleration at leading edge-Tire 12. 
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3 ¢ǊŜŀŘ-ǇŀǘǘŜǊƴ ƴƻƛǎŜ ǎŜǇŀǊŀǘƛƻƴ ǳǎƛƴƎ ƻǇǘƛŎŀƭ ǎƛƎƴŀƭ 

In this chapter, the separation of tread-pattern 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 synchronous averaging. First, the detailed methodology of the tread-pattern noise 

separation is presented. Then, the validation of this method is shown through a simulated case, in 

which a tread-pattern simulated signal is successfully separated from other noise sources. The 

experimental separation of the tread pattern related noise for both constant speed and 

acceleration cases are shown. The effect of the numbers of averages on the tread-pattern noise is 

investigated for the constant speed case (60 mph). The separation results for different speeds 

(50/55/60 mph) are compared and the 60 mph cases are investigated in detail. Additionally, the 

effect of the number of averages is also investigated for the acceleration case. The tread-pattern 

noise separation on different 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 Separation Methodology  

Order domain synchronous averaging is used to separate the tread-pattern noise in this study. 

Compared to time synchronous averaging, the averaging is taken using the Fourier complex 

values after the time signal is resampled and transformed into the order domain. Figure 3- 1 

shows the procedures of the tread-pattern noise separation algorithm. To make the procedures 

more intuitive, plots of one example (Tire 12 at 60 mph) are shown in Figure 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 shown in Figure 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,  

 

 
Ôה

ὶὴά†

φπ
Ὠ† 

 

Eqn. (3-1)  

 

where ה is the phase of each sampling point. 

 

Then, in order to avoid the aliasing of the high-frequency components, the signal is filtered using 

a low-pass filter. After the low-pass filtering, the resampling is performed using the optical 

signal. The optical signal provides the time Tk, which is the time to complete kth revolution. 

Using the calculated phase at each sampling point and the once per revolution time Tk, the low-

pass filtered signal is linearly interpolated onto a uniform grid in the phase domain, 
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Eqn. (3-2)  

 

where ה  is the phase of the nth point of the non-resampled total noise signal, ὴ is the nth point 

of the non-resampled total noise signal, ὴͺ is the nth point of the resampled total noise signal. 

As it is shown in Figure 3- 2 (b) and (c), the total noise signal is resampled within each 

revolution. The resampled signal has a constant sampling frequency revolution, such as 1800 

points/rev for Tire 12 at 60 mph (the original sampling frequency in this study is 25.6 kHz). 
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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 domain into the order domain. 

 

 

ὖ ὴͺ ϽὩ Ⱦ  

 

Eqn. (3-3)  

 

where k represents the kth revolution, N is the total number of resampled points in one 

revolution,  ὴͺ  is the nth point of the resampled total signal time history the kth revolution, 

ὖ  is ath the Fourier transform value of the resampled total signal for the kth revolution. The 

illustration of the order spectrum of the signal within each revolution window is shown in Figure 

3- 2 (d). 

 

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

are averaged coherently  

 

 

ὖ
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Eqn. (3-1)  

 

where M is the total number of revolutions, and k represents the kth revolution, ὖ is the ath 

averaged order domain Fourier transform value. After the averaging, the Fourier complex value 

of the signals that are not related to the rotation of the tire will be rejected and have a 0-mean 

value. With enough number of revolutions averaged, only the periodic signals that are related to 

the tire rotation will be preserved. For example, as shown in Figure 3- 2 (e), it can be observed 

that most signals between 70-80 orders, which are of our interest, are preserved after averaging 

for Tire 12 at 60 mph. 

 

The tread-pattern 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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 ὖ ὖ Eqn. (3-4)  

where k represents kth revolution, tr is abbreviation for tread-pattern noise signal, ὖ  is the ath 

Fourier transformed value for the tread-pattern signal in the kth revolution. 

 

Then, the time history of the tread-pattern signals for each revolution can be computed using the 

inverse DFT of order domain complex values, 
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Eqn. (3-5)  

 

where N is the total number of points in each revolution, ὴ  is the nth point of the tread-pattern 

noise time signal for the kth revolution. The tread-pattern signal is repeated for all the 

revolutions, so the tread-pattern noise time signal can be constructed by putting the signal in each 

revolution together sequentially (demonstrated as Figure 3- 2 (e) and (f)). The non-tread pattern 

signals, which are not related to tread pattern excitation, can be obtained by the linear subtraction 

between the the total noise signal and tread-pattern signal, as shown in Eqn. (3-6). The non-

tread-pattern signal is illustrated as Figure 3- 2 (g).  

 

 ὴ ὴ ὴ  Eqn. (3-6)   

 

where ὴ  is the non-tread-pattern noise signal. Following the methodology, the time history 

and power spectra of total noise signals, tread-pattern noise signals, and non-tread-pattern noise 

signals can be obtained. In the next section, the validation of the method is shown. In this case, 

only the tread-pattern simulated signal is separated. In Chapter 5, the tread-pattern 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 tread-pattern and non-tread-pattern noise signal separation 

methodology. 

 

 

(a) Optical sensor signal example 

 

(b) Total microphone time signal (each window representing one tire revolution) 
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(c) Resampled total microphone time signal 

 

(d) Order power spectra of microphone signals  

(3 cycles)                

 

(e) Averaged order power spectra 

 

(f) Tread-pattern noise signal  

 

(g) Non-tread-pattern noise signal 

Figure 3- 2: Illustration of separation of tread-pattern and non-tread-pattern noise signal: Tire 12 

for 60 mph. 
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3.2 Validation of the methodology with simulated signal 

The validation of the method is first tested by using a synthesized signal. Three signals are 

combined: (1) a 200Hz constant amplitude sine wave; (2) a 80 order sine wave, which contains 

80 periods per tire revolution; and (3) white noise. The goal of the method is to separate the 

signals that are related to the tire (tires mentioned 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 are fit into the window. In total, approximately 8 seconds of signals are generated, the 

details of each signal component are shown in Table 3- 1. 

 

Table 3- 1: Details of the simulating signal components 

Signal component Frequency Sampling Frequency Time length 

80 order sine wave 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 signal. Figure 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 in Figure 3- 3 (a) and (c) appears to be similar, because the periodic 

signal is buried in the white noise. Figure 3- 3 (b) appears to be more periodic. To gain more 

insight into the physical properties of the signal, the power spectra of the signals are calculated. 

As shown in Figure 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 validates that the method is capable of separating the signal related to the tire 

rotation.  
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Figure 3- 3: Phase history of the simulating signals. 

 

 
Figure 3- 4: Order spectra of the simulating signals. 
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3.3 Signal separation results for constant speed  

 Effects of number of averages on the tread-pattern noise 

One critical factor that has significant influence on the tread-pattern noise separation is the 

number of revolutions used for averaging when processing the signals. Hence, in this section, 

different numbers of revolution are used to test its effects on the tread-pattern noise. Specifically, 

three numbers of revolutions (60/80/100) are used. One tire with significant tread-pattern 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 in Figure 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 pattern-produced noise, it can also be observed from Figure 3- 6 

that the three number of averaged revolutions do not show significant influence on the separated 

tread-pattern noise spectra. According to the results of both tires (Tire 19/Tire 20), for the 

constant speed cases, 60 revolutions are chosen to achieve the balance between computational 

cost and separation effectiveness. 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 5: Comparison of the tread pattern noise with different number of averages-Tire 19 @ 

60 mph. (order resolution = 0.5) 
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(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 6: Comparison of the tread pattern noise with different number of averages-Tire 20 @ 

60 mph. (order resolution = 0.5) 

 

 Tread-pattern noise separation results 

The effects of the speeds on the tread-pattern 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 noise. It can be seen from Figure 3- 7 (a) that for the leading edge, the speed 

variation changes the order distribution by a small amount. From Figure 3- 7 (b), it can be seen 

that the increase in speed enhances the tread-pattern noise level significantly at the trailing edge. 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 7: Comparison of the separated signals at different speed-Tire 12 @ 60 mph. (order 

resolution = 0.5) 
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For Tire 20, the tread pattern does not produce much noise. It can be seen from Figure 3- 8 that, 

compared to Tire 12, the shape of the spectrum of the tread-pattern noise of Tire 20 is more 

sensitive to the speed change, especially at the leading edge. Specifically, the tread-pattern 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 significant effects on the shape of the tread-pattern noise spectra. 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 8: Comparison of the separated signals at different speed-Tire 20 @ 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 the order distribution. While for the tire that does not have significant tread-pattern 

noise, the trend is not very clear with the speed change. The tread-pattern noise is closely related 

to the arrangement of the tread blocks. Hence, in the later results analysis, the correlation 

between the tread-pattern 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 tread-pattern noise in constant speed cases, the 

separation results for Tire 12 and Tire 20 at 60 mph/ 32 psi are shown. The results of other tires 

can be found in Appendix-E. The order spectra of the total TPIN noise, the tread-pattern noise, 

and non-pattern noise are plotted 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 order domain 

averaging. First, one demonstration of the signal time history for Tire 20 is presented in Figure 3- 

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 total noise, which can also be observed in the order spectra plot. 

 

 

(a) Total noise 

 

(b) Tread-pattern noise 

 

(c) Non-tread-pattern noise 

Figure 3- 9: Time history of the signals of Tire 20 at 60 mph-leading edge. 
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Tire 20 has a small tread-pattern noise component, as shown as in Figure 3- 10. For Tire 20, the 

tread-pattern noise can be observed around 81 order, which is the fundamental impact frequency 

per revolution. However, it can be observed that the non-pattern 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 partly explains 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 the tread-pattern excitation. 

 

 

(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 tread-pattern noise. As shown in Figure 3- 11, there 

is significant noise around the fundamental tread impact frequency. In addition, the non-pattern 

related noise spectra show clear differences between the total TPIN for these two tires. This 

indicates that the type of 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 the high tread-

pattern noise that Tire 12 makes. 
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(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 11: Tire noise separation for Tire 12 at 60 mph (order resolution: 0.5). 

 

 Comparison of the non-tread-pattern noise of different tires on 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 the non-tread-pattern 

noise signal spectra are similar to each other. To test the hypothesis, the results before and after 

separation are both shown for comparison. As shown in Figure 3- 12, at the leading edge, the 

order distribution of the spectra for the five tires match much better after the separation of tread-

pattern noise. As shown in Figure 3- 13, at the trailing edge, the spectra also match more closely 

after the separation of the tread-pattern noise. However, there are still some discrepancies for the 

non-tread-pattern 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. 

 

(a) Total noise 
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(b) Non-tread-pattern noise 

Figure 3- 12: Comparison of noise spectrum of all five tires at 60 mph-leading edge (order 

resolution: 0.5). 

 

 

(a) Total noise  

 

(b) Non-tread-pattern noise 

Figure 3- 13: Comparison of noise spectrum of all five tires at 60 mph-trailing edge (order 

resolution: 0.5). 
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 Comparison of the tread-pattern noise of the same tire on different 

pavement 

The last section revealed that, for different tire types on the same pavement, the non-tread-

pattern noise appears to be similar. In turn, the same tire on different types of pavement should 

display similar tread-pattern noise. To verify the hypothesis and test the effectiveness of the 

separation methodology, the noise spectra for the same tire/speed on different pavements are 

compared with each other.  

 

One set of data on a section of newly-paved road that is smoother was 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 thesis. Figure 3- 14 shows the comparison of the tread-pattern noise on different 

pavement. As shown in Figure 3- 14, the tread-pattern noise spectra for the same tire on different 

pavements have similar shapes. This indicates that the tread-pattern noise separation is not 

influenced by differences in pavement type. For further validation, the non-tread-pattern noise 

for Tire 12 on different pavements is also compared, as shown in Figure 3- 15. However, it can 

be observed that there is a large area of mismatch from 55 to 65 order, e.g. the ñnew pavementò 

is significantly quieter than the older pavement.  

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 14: Comparison of the tread pattern noise on different pavement for Tire 12 at 60 mph 

(order resolution: 0.5). 
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(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 15: Comparison of the non-tread pattern noise on different pavement for Tire 12 at 60 

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 on the non-tread tire-pavement 

interaction noise, as expected. 
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3.4 Signal separation results for acceleration case  

 Effects of number of averages on the tread-pattern noise separation 

In the current study, for the acceleration cases, the rpm order map is used rather than averaged 

order spectrum to investigate 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. Different number of 

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 number of the revolutions used in one 

sequence (50% overlap). The rpm order map for the tread-pattern noise and the non-tread-pattern 

noise are presented in this investigation.  

 

Tire 12 was selected for investigation in particular due to the high level of tread-pattern noise it 

generated. Figure 3- 16 shows the tread-pattern noise and the non-tread-pattern noise for all five 

numbers of averages used. The left column shows the tread-pattern noise and the right column 

shows the non-tread-pattern noise. From Figure 3- 16 (a), it can be seen that when only two 

averages are used, most tread-pattern noise can be separated; however, some non-tread-pattern 

noise components are also separated. Hence, over-separation will happen if only two averages 

are used. As the number of averages increases, the separation becomes more stable and mixing 

between the tread-pattern noise and the non-tread-pattern noise is reduced. It can be observed 

that when the number of averages is larger than six, the separation does not show noticeable 

change. Hence, it can be concluded from the current results that six revolutions are sufficient to 

remove the non-tread-pattern noise.  
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Tread-pattern noise 

 

Non-tread-pattern noise 

(a) 2 revs 

 

Tread-pattern noise 

 

Non-tread-pattern noise 

(b) 4 revs 

 

Tread-pattern noise 

 

Non-tread-pattern noise 

(c) 6 revs 
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Tread-pattern noise 

 

Non-tread-pattern noise 

(d) 8 revs 

 

Tread-pattern noise 

 

Non-tread-pattern noise 

(e) 10 revs 

Figure 3- 16: Comparison of the tread-pattern noise for Tire 12 using different averaged 

revolutions (order resolution: 0.5). 

 

 

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

In this section, the order spectra of total noise, tread-pattern noise, and non-tread-pattern noise 

are placed together for comparison. Thus, the extent of tread-pattern noise separation is 

displayed. To maintain consistency with former investigations, Tire 12 is also chosen here. The 

results of the other tires can be found in Appendix-E. The number of revolution used is six with 

50% overlap. It is shown in Figure 3- 17 and Figure 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. 

 

 

(a) Total Noise 

 

(b) Tread-pattern Noise 

 

(c) Non-tread-pattern Noise 

 

Figure 3- 17: Tire noise separation for Tire 12 in acceleration (order resolution: 0.5)-leading 

edge. 
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(a) Total Noise 

 

(b) Tread-pattern Noise 

 

(c) Non-tread-pattern Noise 

 

Figure 3- 18: Tire noise separation for Tire 12 in acceleration (order resolution: 0.5)-trailing 

edge. 
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3.5 Signal separation results analysis for tone case 

The experimental data do not always adhere to expectations. For example, noticeable tones 

appear at one section of the east-bound road. 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 shown in Figure 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 pattern noise separated 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.  

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 3- 19: Tire noise separation for the tone case with Tire 20 at 60 mph (order resolution: 

0.5). 
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4 ¢ƘŜ ŀǇǇƭƛŎŀǘƛƻƴ ƻŦ ǎƛƎƴŀƭ ǇǊƻŎŜǎǎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ǘƻ 

ǘǊŜŀŘ-ǇŀǘǘŜǊƴ ƴƻƛǎŜ ǎŜǇŀǊŀǘƛƻƴ  

Though the TPIN separation using the optical sensor was successful, the separation of tread-

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

investigates the application of several signal processing techniques for separating tread-pattern 

noise without using optical signals. First, the autocorrelation method is used to find periodicity in 

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

signals from the total measured signals, is implemented on the simulated signal. However, this 

method did not succeed in separating signals related to tire rotation. Hence, the filter was not 

applied to the measured data. The principal component analysis (PCA) is used to summarize the 

information gathered from the measured multi-channel signals. Independent component analysis 

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

results obtained by each of these methods are analyzed and compared to the tread-pattern noise 

computed in Chapter 3. The effectiveness of each method for separation of the tread-pattern 

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

limitations in separating the tread pattern related signals. 

 

4.1 Autocorrelation analysis 

Autocorrelation, by definition, is the cross-correlation with the signal itself at different time 

delays. Autocorrelation is a widely used tool for checking randomness and finding periodicity of 

data. The basic idea for autocorrelation to detect the periodicity is that the periodic signal is still 

correlated with itself after time lag T. Hence, autocorrelation can be used for detecting the 

periodic components in the signals. For a set of discretized data in the time domain, the 

expression for autocorrelation is shown below: 

 

 

Ὑ ὰ
ρ

ὔ
ώὲώὲ ὰ 

 

Eqn. (4-1)  

 

where N is the total number of points of the data, ὰ is the number of points of the time lag.  
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In the present study, the autocorrelation analysis is applied to sound pressure data measured by 

the OBSI system. Demonstration of autocorrelation analysis can be found in Appendix-F. Firstly, 

the autocorrelation analysis is applied to Tire 20 at 60 mph. The time history of the signals and 

autocorrelation is shown in Figure 4- 1. The whole length of the signals, which is sampled at 

25.6 kHz, is about 10.5 s. The window selected for autocorrelation analysis is from the 76,801th 

to the 128,000th samples, which is a total of two seconds of data. It can be visually observed from 

Figure 4- 1 (b) that the autocorrelation contains much less random noise than the original signal 

in that time domain.  

 

Then, the pressure power spectrum is computed using the conventional Fourier analysis on the 

total signal.  At the same time, the pressure power spectrum is also computed by taking the 

Fourier transform of the autocorrelation and then computing the magnitude of the complex 

values. It can be seen from Figure 4- 2 that the autocorrelation spectrum shows clearer peaks 

than the power spectrum of original signals, which means that some broad-band signals are 

cancelled out by autocorrelation. However, the auto-spectrum 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 different sources, and tread-pattern noise is only one of the 

components of the periodic signals.  

 

Figure 4- 3 shows the comparison between the auto-spectrum and tread-pattern noise spectrum 

computed using the optical signal (from Chapter 3), both of which show clear peaks around 1 

kHz at both the leading edge and trailing edge. However, they do not show very good agreement.  
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(a) 

 

(b) 

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 of the sound pressure. 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 4- 2: Comparison between total noise spectrum and auto-spectrum for Tire 20 at 60 mph 

(frequency resolution = 5 Hz). 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 4- 3: Comparison between tread-pattern noise spectrum and auto-spectrum for Tire 20 at 

60mph (frequency resolution = 5 Hz). 
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Then, the autocorrelation analysis is applied to Tire 12 at 60 mph. The whole time length of the 

signals, which is sampled at 25.6 kHz, is about six seconds. The window selected for 

autocorrelation analysis is from the 76,801th point to the 128,000th point, which contains a total 

of two seconds worth of data (between the 3rd and the 5th seconds). For Tire 12, the auto-

spectrum shows clearer peaks than Tire 20; this is hypothesized to be related to the high-level 

tread pattern noise generated by Tire 12. As can be observed in Figure 4- 5, the auto-spectrum 

correlates much better with the tread-pattern noise than Tire 20, in 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 related to tread pattern, while for Tire 12 tread 

pattern plays a significant role in noise generation.  

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 4- 4: Comparison between total noise and autocorrelation for Tire 12 at 60 mph 

(frequency resolution = 5 Hz). 

 

(a) Leading edge 

 

(b) Trailing edge 

 

Figure 4- 5: Comparison between tread pattern noise and autocorrelation for Tire 12 at 60 mph 

(frequency resolution = 5 Hz). 
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The results from Tire 12 and Tire 20 show that autocorrelation analysis can extract most of the 

periodic signals, including both the signals related and unrelated to the tread pattern. By 

comparing the results of both tires, we can see that this method works better for Tire 12 than Tire 

20. This means that Tire 12 contains more tread-pattern periodic signals while Tire 20 does not 

produce much tread-pattern noise. The results indicate that the autocorrelation works better for 

tires with higher pattern noise, which necessitates more validation later. 

 

 

 

4.2 Frequency domain filter 

 Methodology 

A frequency-domain (FD) algorithm was proposed for separating periodic signal from broadband 

signal [Antoni et al, 2004]. First, the problem is rephrased in terms of short-time sequences. 

Define xk (n) as a properly windowed sequence of length N taken at time kT, i.e. ὼὯ ὲ ὼὲ

ὯὝύ ὲȟ ὲ πȟȣȣȟὔ ρ with ύ ὲ, a weighting window of the length N. In the same 

way, let ὼ ὲ  be a sequence taken at time ὯὝ ὔ Ў, i.e. ὼ ὲ ὼὲ ὯὝ ὔ

Ўύ ὲȟὲ ρȟȣȣȟὔ ρ. The construction of sequences ὼ ὲ  and ὼ ὲ  is shown 

schematically in Figure 4- 6. The objective is to find the filter which best predicts ὼ ὲ from 

ὼὲ. It should be noted that, in spite of the windowing, the deterministic components in the 

signal remain deterministic and are still perfectly predictable. However, the broadband noise will 

be rejected from the predicted ὼ ὲ if  the two are uncorrelated, which places as a constraint that 

Ў is strictly positive. 

 

Under these conditions, the optimal filter achieving the minimum mean square prediction has a 

frequency response that can be given by, 

 

 
ὌὪ

Ὓ Ὢ

Ὓ Ὢ

Ὓ Ὢ

Ὓ Ὢ Ὓ Ὢ
 

 

Eqn. (4-2)  
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where SCD(f) is the cross-power spectrum between two arbitrary signals C and D; and ὼ ὲ

ὴ ὲ ὶὲ with ὴ ὲ and ὶὲ  the deterministic and non-deterministic parts.  

 

 

Figure 4- 6: Short-time sequence used in the frequency-domain algorithm. 

 

Labelling ὢȟ Ὢ and ὢȟ Ὢ as M-long discrete Fourier transforms of ὼ ὲ and ὼ ὲ.  

 

ὢȟ Ὢ ὼὲ ὯὝύὲὩ  

 

Eqn. (4-3)  

 

The simple estimator of ὌὪ on K sequences is thus given by, 

 

 
ὌὪ

В ὢȟ Ὢὢȟ Ὢ
ᶻ

В ὢȟ Ὢὢȟ Ὢ
 z

 

Eqn. (4-4)  

 

This quantity can now be transformed back into time domain to form a M-long noise 

cancellation filter to be applied directly on the measured signal ὢὲ. 
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 Application of the FD filter to the simulating signals 

Simulated signal, which was constructed in the same way as the signal introduced in section 3.2, 

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 chosen to be 0.1s, and in 

total 20 segments are used. The time delay is chosen to be the length of 52 segments, e.g., 5.2 

seconds of data. As shown in Figure 4- 7. The 200 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 suitable for separating the tread-pattern noise out of the total TPIN. 

 

 

(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 observations, to achieve dimension reduction. For p variables, ὼȟȣȣȟὼ, the data can 

be rotated and synthesized using proper coefficients, as shown below. 

 

 ◐ ὥ ● ὥ ● Ễ ὥ ● Eqn. (4-5)  

 

This approach is preferable if rotation aims to maximize the variance of the data. The principal 

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

 

In this study, non-standardized data are used because different variables are based on 

synchronized measurement. First, the data is centered to have zero mean, 

 

 ╧ ╧ ╧ Eqn. (4-6)  

 

where ╧ is the matrix the contains observations ●ȟȣȣȟ● as row vectors.  

 

Then, the variance-covariance ╢ matrix of the centered data matrix is calculated, 

 ╢ ὧέὺ╧  Eqn. (4-7)  

 

The eigenvalues ‗ and eigenvectors ▄  of the variance-covariance matrix can be calculated. 

The eigenvalues represent the variance explained by one PC, and the eigenvector is the loading 

that transforms the original data into its principal components. The matrix ╢ can be decomposed 

into the combinations of eigenvalues and eigenvectors,   

 

 ╢ ‗▄ Ễ ‗▄ Eqn. (4-8)  

 

The eigenvectors can now be used to transform the originally observed data into a new set of 

data reordered according to value of variance,  
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◐ ▄Ͻ╧  

ȣȣ 

◐ ▄ Ͻ╧  

ȣȣ 

◐ ▄Ͻ╧  

 

The eigenvalues corresponding to each eigenvector is the value of variance of the newly 

transformed data. For example, the variance of ◐ is ‗. 

 

Tire 12 is chosen for analysis here. The time history and the spectra of the microphone signals of 

Tire 12 can be found in Figure 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, which indicates that the two PCs explain 93% of the variance 

and, hence, the first 2 PCs contain most of the data. This can be observed in Figure 4- 8 and 

Figure 4- 9. The amplitude of the time history of the signals shows a reduction between PC 1 and 

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. This is supporting evidence that that PC 1 preserved most of the 

information from the signal measured at different locations. 

 

 

 

(a) PC-1 

 

(b) PC-2 

 

  

 

 



55 

 

 

(c) PC-3 

Figure 4- 8: Time history of the principal components-Tire 12 at 60 mph.  

 

 

 

(a) PC-1 

 

(b) PC-2 

 

(c) PC-3 

 

Figure 4- 9: Power spectra of the principal components-Tire 12 at 60 mph. (frequency resolution 

= 5 Hz). 
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Since PC 1 contains the most information related to the noise data, it is compared with the tread-

pattern noise shown in chapter 3. In chapter 3, the tread-pattern noise spectra were displayed in 

order domain. However, for comparison with the spectra of the PC, 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 shown in Figure 4- 10, PC 1 does not show significant 

matching with tread-pattern noise at either the trailing edge or the leading edge. One reasonable 

explanation for this lack of alignment is that, after summarizing the data into smaller numbers of 

data with large variances, the PCs with large variance contain noise generated from various other 

mechanisms. 

 

 

(a) Leading edge 

 

(b) Trailing edge 

Figure 4- 10: Comparison between principal component and tread pattern noise-Tire 12 at 60 

mph. (frequency resolution = 5 Hz) 
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4.4 Independent component analysis 

In this study, independent component analysis (ICA) is applied to the measured data to test the 

feasibility of decomposing the near-field pressure signals into signals from different sources. The 

ICA can linearly decompose mixed signals from statistically independent and non-Gaussian 

sources into the original signals (Comon et al, 1994). In the ICA analysis, signals from different 

sources are supposed to mix linearly. Denote the observed variables by ώὭὸȟὭ ρȟȢȢȢȟὲȟὸ

ρȟȢȢȢȟὝ. In this definition, i is the index of the observed data variable and t is the index of time. 

The xi(t) are typically signals measured by a device such as a microphone. We assume that they 

can be modelled as linear combinations of hidden variables sj(t), j=1, . . . ,m, with some unknown 

coefficients aij,  

 

 
ὼὸ ὥίὸȟὭ ρȟȣȣȟὲ 

 

Eqn. (4-9)  

 

The only observable variable is xi(t), whereas both aij and si(t) are to be estimated. The si are the 

independent components, whereas the coefficients aij are referred to as the mixing coefficients. 

Furthermore, the xi are usually collected into a vector x of dimension n, the same is done for the 

si and the coefficients aij are collected into a mixing matrix A of size n × n. Then, the model can 

be written as, 

 ὀ ἋἻ Eqn. (4-10)    

 

where x and s are now random vectors, and A is a matrix of parameters. Likewise, we can move 

to a matrix notation where the observed xi(t) are collected into a n × T matrix X and si(t) are 

collected into a n × T matrix S, with i giving the row index and t giving the column index, giving 

the equation below: 

 ἦ Ἃἡ Eqn. (4-11)    

 

The Eqn. (4-10) is in vector form, while the Eqn. (4-11) is formed by collecting the vectors into a 

matrix. The estimation of the mixing matrix A is critical in ICA. Several well-known algorithms 

have been developed to achieve the estimation. One of them is the fast fixed-point algorithm 
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(Hyvärinen et al, 1997), which is adopted in this study. After the matrix A is estimated, the 

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

 

 ἡ Ἃ ἦ Eqn. (4-12)   

 

Some simulated signals were generated and tested with ICA, which can be found in Appendix-G. 

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 calculated for comparison. As shown in Figure 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 the tire rotation. For the order maps of the ICs (Figure 

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 shows strong characteristics of tread-pattern noise while IC 1 appears to be close to the 

non-tread-pattern noise. Hence, for Tire 12, the ICA method shows some potential to be able to 

break signals into components both related (IC 2) and unrelated (IC 1) to the tread pattern.  

 

Figure 4- 11: Order map for microphone signal-Tire 12 in acceleration (order resolution = 0.5). 
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Figure 4- 12: Order map for independent components-Tire 12 in acceleration (order resolution = 

0.5). 

 

For Tire 20, as shown in Figure 4- 14, none of the order map of ICs shows clear separated tread-

pattern components. As shown in Chapter 3, Tire 20 does not produce much tread-pattern noise. 

Hence, the results shown in Figure 4- 14 could be explained by the low tread-pattern noise level 

of Tire 20. 

 

In spite of some potential that the ICA method shows to decompose the TPIN into components 

mixed by certain groups of sources, the results are still not satisfactory enough to make a strong 

conclusion that the tread-pattern noise can be separated from other mechanisms, especially for 

tires with low pattern noise. On one hand, the TPIN is mixed by noise generated from several 

complicated mechanisms; hence, the number of microphones to collect the data may be 

insufficient. On the other hand, two microphones within a single intensity probe are very close to 

each other, while the microphones in different intensity probes are much spaced further away. In 

the future, a new method of near-field microphone set-up with more microphones and different 

spacing could be tested for its efficiency in collecting tire noise data with the ICA method.   
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Figure 4- 13: Order map for microphone signal-Tire 20 in acceleration (order resolution = 0.5). 

 

Figure 4- 14: Order map for independent components-Tire 20 in acceleration (order resolution = 

0.5).  
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5 /ƻǊǊŜƭŀǘƛƻƴ ōŜǘǿŜŜƴ ǘǊŜŀŘ ǇŀǘǘŜǊƴ ǇŀǊŀƳŜǘŜǊǎ ŀƴŘ 

ǘǊŜŀŘ-ǇŀǘǘŜǊƴ ƴƻƛǎŜ 

This chapter will investigate the correlation between the tread-pattern noise and tread pattern 

parameters by comparing the ñshapeò of the tread-pattern spectra to the tread-pattern noise. The 

tread pattern parameters include tread pattern and air volume velocity spectra. To obtain the 

tread pattern parameters, the 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 volume velocity at the contact patch was 

also calculated using the tread profile. The comparison was conducted at the 3rd section of the 

chapter.  

 

5.1 Tread pattern digitization 

In this study, a CTWIST machine (Figure 1- 2) was utilized to scan the tire surface (the 

digitization is offer by Hankook). The digitization resulted in the 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 Tire 20 is visualized as Figure 5- 1. The circumferential slice and 

horizontal slice are demonstrated in the same figure. The resolution of the 3D tread profile image 

is 4096*325, corresponding to the length of 2133.6 mm and the width of 165 mm, respectively. 

The 3D profile matrix shows a horizontally curved surface due to the inflation of the tire, which 

prevents the raw tread profile data from being directly used for the tread pattern analysis. Hence, 

codes have been developed to eliminate the 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 also converted 

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 the entire tire surface, which includes section that transitions 

between the tread and the side wall. Hence, part of the tread surface is cut off symmetrically at 

both edges of the tire. For Tire 20, demonstrated in Figure 5- 2, 165 mm of manually-measured 

tread width is cut out of a width of 199.1 mm. After choosing proper tread width, the 3D tread 

profile is processed to eliminate its horizontal curvature. First, the highest point for nth 

circumferential line with tread blocks is found and the height Ὄ  is recorded. Then, the global 

maximum value H is picked out of the highest points (Ὄ ) for all the circumferential lines. The 

height difference for the highest point of each circumferential line and the global highest point is 

calculated,  

 

 ɝὬ Ὄ Ὄ  Eqn. (5-1)   

 

Then, the height difference ɝὬ is added to all the points in the nth circumferential line. After the 

elimination of the horizontal curvature, all the circumferential lines on the tread surface have the 

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 demonstration-Tire 20 (SRTT). 

 

The 3D tread surface height profile is also converted into a 2D tread pattern binary matrix for the 

calculation of the tread pattern spectral content. To this end, the highest points Ὤ  and lowest 

points Ὤ  for nth circumferential line are identified. Then, the height difference between the 

highest point and the lowest point of the nth line is calculated, 

 

 ɝὬ Ὤ Ὤ  Eqn. (5-1)  

 

using ɝὬ , the circumferential grooves are differentiated from the circumferential lines with 

both blocks and grooves. A reasonable difference threshold height ɝὬ is set, according to the 

actual measurement, which is 4 mm for Tire 20. If ɝὬ ɝὬ, the nth circumferential line has 

both tread blocks and tread grooves; otherwise, if ɝὬ ɝὬ , the nth circumferential line 

belongs to the circumferential tread groove.  

 

After the type of the circumferential line is identified, further detailed differentiation is needed to 

identify tread blocks and grooves in the rib. In this step, the height difference between all the 

points and the highest points in nth line is calculated, 
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ЎὬ ȿὬ Ὤ ȿ 

 

where m means the mth points in the nth circumferential line. Analogous to the differentiation 

between different types of the circumferential lines, a reasonable difference threshold height 

ɝὬ  is set for tread block and groove within one line, according to the actual measurement, 3 

mm is chosen for Tire 20. If ɝὬ ɝὬ , the mth point in the nth circumferential line is in tread 

block; otherwise, if ɝὬ ɝὬ , the mth point in the nth circumferential line belongs to the 

groove.  

 

After all the points in the tread profile are identified, the points representing the tread block are 

assigned the value 1, while the points representing the tread groove are assigned 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 0 represents grooves. The digitized 2D tread patterns of the five tires are shown 

in Figure 5- 3. 

 

 

T12 

 

T15 

 

T18 

 

T19 

 

T20 

Figure 5- 3: Tread patterns of tires. 
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5.2 Tread pattern and air volume velocity spectrum 

The procedure of converting the 2D tread patterns into phase domain, which is a special form of 

time domain signals with constant phase increment, is shown in Figure 5- 4. The demonstration 

of the tread content for a section of one circumferential line is shown in Figure 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 revolution is 1, 

ὴ ρ 

where ὴ  is the phase angle to complete one revolution. It is straightforward that the phase of 

each circumferential position can be calculated by linear interpolation, 

ὴ
ά

ὔ
ὴ  

where ὴ  is the phase of mth circumferential position, N is the total number of digitized tire 

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

converted into phase domain, as shown in Figure 5- 4 (c).   

    

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




















































































