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METHOD OF ANALYZING TIRE PITCH SEQUENCE BASED ON

LUG STIFFNESS VARIATIONS

CROSS REFERENCE TO RELATED APPLICATIONS
The present application claims priority from US application serial no.
60/314,085 filed August 22, 2001, and US application serial no. 60/314,403 filed

August 23, 2001, the disclosures of both are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. TECHNICAL FIELD

The present invention generally relates to methods of analyzing tread
patterns for tire noise. More particularly, the invention relates to a method for
comparing tread pattern tire noise created by variations in lug stiffness. The
invention specifically relates to a method for analyzing tire noise created from
variations in tread lug stiffness based on the distribution of the lugs in the tire noise

pitch sequence.

2. BACKGROUND INFORMATION

One aspect of tire design involves minimizing undesirable tire noise. Tire
noise is generated when the lugs of the tread pattern contact the road surface. An
unvarying tread pattern creates an undesirable mono pitch sound. Tire designers
vary the tread pattern to avoid mono pitch sounds. The tread patterns are typically

varied by altering the size of the tread pitches around the circumference of the tire.
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Varying the sizes of the tread pitches tends to reduce mono pitch tire noise by
broadening the frequency domain of the noise spectrum but undesirable noise in
the time domain can still be created.

Tread patterns are currently analyzed by comparing the tire noise generated
by different variations in the tread pitches. Known analysis techniques allow the
tire designer to select a pitch pattern for the tread design that generates
acceptable tire noise. One such technique uses the Fourier spectrum of the pitch
sequence to identify objectionable pitch sequences. Another technique disclosed
in US Patent 6,112,167 analyzes portions of the pitch sequence around the
circumference of the tire. Although these techniques have been effective, tire
designers have found that known techniques can result in tire noise pitch
sequence designs that pass initial screening while still having undesirable tire
noise. Tire molds having such sequences must be rebuilt or modified to reduce
the undesirable noise. One cause of undesirable noise is tire noise attributed to
the variations in the lug stiffness around the circumference of the tire.

When the size of the tread pitches is varied, the size of the lugs of the tread
pattern is varied. The lugs thus have different stiffnesses and produce different
sound amplitudes when they contact the road surface. These differences create
sound amplitude variation that can make an otherwise desirable pitch sequence
undesirable. In the past, this undesirable tire noise was not analyzed and tires
would be produced before the undesirable noise was recognized. If the customer
objected to the noise, the tire manufacturer would have to scrap ihe expensive tire
mold or would have to modify the mold. The art thus desires a secondary

screening method that allows the tire designer to compare a group of otherwise



WO 03/019173 PCT/US02/26679

desirable pitch sequences. Such a secondary screening method would analyze

the tire noise generated from lug stiffness variations.

SUMMARY OF THE INVENTION

In view of the foregoing, the present invention provides a method of
comparing tire noise pitch sequences based on the tire noise generated by tire
tread lug stiffness variations. The method of the invention may be used as a
primary analysis technique or as a secondary examination technique used to
evaluate tire noise pitch sequences that have been selected by traditional
evaluation techniques.

The method of the invention may be achieved by defining the tire noise
pitch sequence and the pitch lengths, calculating the differential between the arc
length from an arbitrary fixed reference point to the end of each pitch length in the
pitch sequence and the arc length of the mean pitch length of the number of
pitches from that arbitrary reference point, and analyzing the differential to identify
desirable and undesirable tire noise characteristics.

In one embodiment of the invention, the differential may be calculated by
arranging the pitch ratio numbers in the order of the tire noise pitch sequence and
calculating the differential betWeen an accumulated sum of the pitch ratio numbers
to the accumulated mean of the pitch ratio numbers. A Fourier analysis or other
spectral analysis technique may be performed on the differential to provide an
analysis tool.

The invention provides tires having tread patterns and pitch sequences

derived from the application of the method of the present invention. The invention
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also provides a computer adapted to perform the method of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a graphical representation of the linear relationship between
shear stiffness and the size of the tread lug.

Fig. 2A is a graphical representation of a structured tire noise pitch
sequence that has 10 ones at 0.8, 10 twos at 1.0, 20 threes at 1.2, 10 twos at 1.0,
and 10 ones at 0.8.

Fig. 2B is a Fourier analysis of the structured tire noise pitch sequence of
Fig. 2A showing small amplitqde peaks around 50, 60, 75, 100, and 120; this
analysis technique being prior art.

Fig. 2C is a graphical representation of a random tire noise pitch sequence
that the ones, twos, and threes randomly disposed in the sequence.

Fig. 2D is a Fourier analysis of the random tire noise pitch sequence of Fig.
2C showing large amplitude peak around 60.

Fig. 3A is a flow chart of the general method of the present invention.

Fig. 3B is a low chart showing the steps of the analysis technique.

Fig. 4A is a graphical representation of the accumulated differential of the
structured sequence shown in Fig. 2A.

Fig. 4B is a graphical representation of the accumulated differential of the
random sequence shown in Fig. 2C.

Fig. 5 is a graph showing the a Fourier analysis of the data from both the
structured and random sequences.

Fig. 6 shows three exemplary sequences with each sequence having three
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pitch sizes.

Fig. 7 shows the graphical result of the prior art analysis technique for all
three exemplary sequences.

Fig. 8 shows the graphical result of the analysis method of the present
invention used on the three sequences of Fig. 6.

Similar numbers refer to similar parts throughout the specification.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

The method of the present invention allows the tire designer to analyze the
tire noise generated by the variations in tread lug stiffness. Pneumatic tire tread
patterns include tread pattern segments having different sizes so that the tires will
not create undesirable mono pitch tire noise. When the size of the tread segments
is varied, the stiffnesses of the lugs of the tread segments varies. These lugs
impact the ground as the tire rotates. The impact causes tire noise of which the
amplitude is varied by the stiffness of the lugs. The present invention allows the
tire designer to analyze this tire noise and to eliminate tire designs having
undesirable tire noise before sample tires are produced.

The method of the invention uses the fact that there is a substantial linear
relationship between tire lug stiffness and tire lug size. The graph 10 of Fig. 1
shows the linear relationship between the lug stiffness and the size of the lug.
Graph 10 has a horizontal axis 12 that represents normalized pitch ratios from
0.75 to 1.25 that are equal to lug size divided by the mean pitch size for the pitch
ratio. The vertical axis 14 represents the shear stiffness (N/m) of a tread element

or tread lug. The data line 16 shows the substantially linear relationship between
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shear stiffness and size. Representative data is shown for a small lug 20, a
medium lug 22, and a large lug 24. The stiffness varies linearly with respect to lug
size because the different-sized tire lugs are the same fundamental shape. The
lugs are also disposed at similar angles with respect to the circumferential
direction of the tire. The method of the invention thus uses the size variation to
analyze the noise generated from the stiffness variation.

Figs. 2A and 2B show a prior artimpulse model analysis of a mountain-style
pitch sequence. The pitch sequence is shown graphically in Fig. 2A with the
horizontal axis 30 representing 60 degrees of the circumference of a tire. The
vertical axis 32 represents the pitch ratio. The graph of Fig. 2B shows an impulse
model analysis of the pitch sequence of Fig. 2A. The horizontal axis 34 represents
the harmonic number and the vertical axis 36 represents the amplitude. The graph
of Fig. 2B shows that the pitch sequence of Fig. 2A lacks a large single harmonic
suggesting that the sequence will not produce undesirable tire noise related to the
pitch sequence. As described above, a drawback with this technique is that the
sequence of Fig. 2A may still create undesirable tire noise related to the variations
in lug stiffness. The prior art analysis technique of Fig. 2B does not identify this
problem.

Figs. 2C and 2D show a prior art impulse model analysis of a random-style
pitch sequence. The pitch sequence is shown graphically in Fig. 2C with the
horizontal axis 40 representing 60 degrees of the circumference of a tire. The
vertical axis 42 represents the pitch ratio. The graph of Fig. 2D shows an impulse
model analysis of the pitch sequence of Fig. 2C. The horizontal axis 44 represents

the harmonic number and the vertical axis 46 represents the amplitude. The graph
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of Fig. 2D shows that the pitch sequence of Fig. 2C includes a strong harmonic at
the number 60 suggesting that the sequence will produce undesirable tire noise
related to the tire noise pitch sequence.

The method of the present invention is generally shown in the Fig. 3A flow
chart. In general the present invention allows the tire designer to compare
different tire noise pitch sequences based on the variations in the tread lug
stiffness. Although the method may be used on its own, the invention may be
used to compare desirable sequences that have been identified by other methods.
The invention is thus used as a secondary screening technique in this manner.
The invention thus broadly relates to a method for comparing tire noise pitch
sequences by simulating the tire noise that would be generated by the tire noise
pitch sequence if incorporated into a tire. The first steps 50 and 52 are to select
first and second tire noise pitch sequences. The second steps 60 and 62 are to
predict the tire noise generated by the first and second tire noise pitch sequences
by analyzing the variations in the tread lug stiffnesses. The next step 70 is to
compare the result of step 60 to the result of step 62 to determine which sequence
selected in steps 50 and 52 has more desirable noise properties.

Fig. 3B shows a flow chart of each analysis step 60 and 62 shown in Fig.
3A. The analysis process includes the step of performing a Fourier or spectral
analysis 86 of the accumulation of the deviation (D) 84 of the arc length 82 from
the arc length of the mean pitch size 80. Figs. 4A and 4B graphically represent D
for the structured and random sequences of Figs. 2A and 2C. The Fourier
analysis of each is shown in Fig. 5.

D is a vector of the difference in the actual arc length from a fixed arbitrary
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reference point along the tire (generally the start of a given pitch) to the end of the
i" mean pitch. For example, the calculation for the twentieth pitch requires the
summation of the length of pitches 1-20. Twenty times the mean pitch length is
then subtracted from this summation to determine the difference for D,,. D is thus
calculated for each pitch. D ={D,, D,, D5, ... D, ... Dy.1, Dn}

N is the total number of tread pitches placed about the circumference of the
tire.

D, may be calculated using the following relationship: '

D = X;- mean X

X;=sum L (j=1toi)

mean X; = (i)(C/N)

wherein:

X, is the arc length from the fixed reference point to the end of the i tread
pitch;

mean X; is the arc length of i pitches times the mean pitch size;

L is the length of the pitch; and

C is the circumference of the tire and may be represented by a length, a
percent (100), a degree (360), or the like.

The method may normalize the calculation to C so that sequences having
different numbers of pitches may be compared. For example, a tire circumference
with 20 pitches has a mean pitch size of 5% or 18 degrees wherein the same
circumference with 40 pitches has a mean pitch size of 2.5% or 9 degrees. In
another embodiment of the invention, the method does not have to be normalized.

In this application, the length of the circumference of the tire is used.
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Figs. 4A, 4B, and 5 show how the analysis technique of the invention is
used to analyze the structured sequence of Fig. 2A and the random sequence of
Fig. 2C. Fig. 4A shows the differential 90 between the accumulated sum of the
mean and the accumulated sum of the sequence. For the first ten pitch numbers
the accumulated mean is 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0. The
accumulated sum of the sequence is 0.8, 1.6,2.4,3.2,4.0,4.8,5.6,6.4,7.2, and
8.0 (because all pitches are 0.8) The next ten pitches are 1.0 and are thus equal
to the mean so that the differential is unchanging and shown by the flat portion of
the curve between pitches 10 and 20. The next 20 pitches are 1.2 which causes
the differential to rise accordingly. In Fig. 4A, the horizontal axis 92 is the pitch
number over 60 degrees with the vertical axis 94 representing the accumulated
pitch size. A Fourier or spectral analysis is performed on the differential
represented on graph 90 of Fig. 4A to create the modulation information shown in
Fig. 5 indicated by the numeral 116. In Fig. 5, the horizontal axis 112 is the
stiffness variation orders (event per revolution) with the vertical axis 114
representing the linear amplitude. This analysis shows the structured sequence
of Fig. 2A has a high first order magnitude and generally low second through fifth
orders. This indicates that undesirable tire noise will result from the stiffness
variations in the sequence of Fig. 2A. This result is contrary to the prior art result
shown in Fig. 2B. A similar analysis is represented in Figs 4B and 5 where the
random sequence is analyzed. In Fig. 4B, the horizontal axis 102 is the pitch
number over 60 degrees with the vertical axis 104 representing the accumulated
pitch size. A Fourier analysis or other type of spectral analysis is performed on the

differential represented on graph 100 of Fig. 4B to create the modulation
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information shown in Fig. 5 indicated by the numeral 118. This analysis shows the
random sequence of Fig. 2C to have generally low and level amplitudes through
the first five orders. This indicates that undesirable tire noise will not result from the
stiffness variations in the sequence of Fig. 2C. This result is contrary to the prior
art result shown in Fig. 2D. This analysis thus shows that lug stiffness variations
must be separately analyzed in addition to the prior art impulse model techniques
in order to identify sequences having undesirable tire noise.

Figs. 6, 7, and 8 show how the method of the present invention may be
used to compare three sequences 130, 140, and 150. Fig. 6 lists the sequences.
Fig. 7 shows a graph similar to the graph depicted in Figs. 2B and 2D. Fig. 8
shows a graph similar to the chart depicted in Fig. 5. The prior art analysis
technique is shown graphically in Fig. 7 wherein line 152 associated with sequence
150 has an amplitude peak around sixty. The other two lines 132 and 142 show
good results under the prior art method. The results of the analysis method of the
present invention are shown in Fig. 8, wherein the two good results 132 and 142
of Fig. 7 have dramatically different results in the first order. Line 142 in Fig. 8 has
a high amplitude peak at the first order indicating that sequence 140 will have
undesirable tire noise associated with lug stiffness variations. Line 132 is
generally level through the first five orders. The tire designer would thus choose
sequence 140 given its acceptable results from both tests.

The method described above may be performed on a computer that
performs some of the steps described above. Such a computer will run software
that accepts the tire information required to perform the method. The software

performs the method and outputs the analysis result discussed above. In the

10
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foregoing description, certain terms have been used for brevity, clearness, and
understanding. No unnecessary limitations are to be implied therefrom beyond the
requirement of the prior art because such terms are used for descriptive purposes
and are intended to be broadly construed.

Moreover, the description and illustration of the invention is an example and

the invention is not limited to the exact details shown or described.

11
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CLAIMS

1. A method for comparing tire noise pitch sequences by simulating the tire noise
that would be generated by the tire noise pitch sequence if incorporated into a tire;
the method comprising the steps of:

(a) selecting a first tire noise pitch sequence;

(b) predicting the tire noise generated by the first tire noise pitch sequence
by analyzing the variations in the tread lug stiffnesses;

(c) selecting a second tire noise pitch sequence;

(d) predicting the tire noise generated by the second tire noise pitch
sequence by analyzing the variations in the tread lug stiffnesses; and

(e) comparing the result of step (b) to the result of step (d).

2. The method of claim 1, wherein steps (b) and (d) include the step of performing
a Fourier analysis of the accumulation of the deviation of an arc length from an arc

length of the mean pitch size.

3. The method of claim 1, wherein steps (b) and (d) include the step of performing
a spectral analysis of the accumulation of the deviation of an arc length from an

arc length of the mean pitch size.

4. The method of claim 1, wherein steps (b) and (d) include the steps of:
(f) identifying the pitch lengths for the tire noise pitch sequence;
(g) calculating the arc length from an arbitrary fixed reference point to the

end of each pitch length of the pitch sequence;

12
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(h) calculating the mean pitch arc length for each pitch length of the pitch
sequence; and
(i) analyzing the difference between the arc lengths of the pitch sequence

and the arc lengths of the mean pitch lengths.

5. The method of claim 4, wherein step (i) includes the step of performing a

Fourier analysis on the difference.

6. The method of claim 4, wherein step (i) includes the step of performing a

spectral analysis on the difference.

7. The method of claim 5, further including the step of calculating the difference
with the formula D = X; - mean X, where X; = sum L, (j = 1 to i) and mean X; =
(i)(C/N); wherein N is the total number of tread pitches placed about the
circumference of the tire; C is the circumference of the tire; X is the arc length
from the fixed reference point to the end of the i'" tread pitch; L is the length of the

pitch; and mean X is the arc length of i pitches times the mean pitch size.

8. The method of claim 5, further comprising the step of analyzing the variance

in the first through fifth orders identified by the Fourier analysis.

9. The method of claim 8, further comprising the step of analyzing the amplitudes

of the first through fifth orders.

13
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10. A method for analyzing a tire noise pitch sequence based on tire tread lug
stiffness variations; the method comprising the steps of:

(a) defining the tire noise pitch sequence and the pitch ratios;

(b) identifying the pitch lengths for the tire noise pitch sequence; and

(c) performing a spectral analysis of the accumulation of the deviation of

an arc length from an arc length of the mean pitch size.

11. The method of claim 10, wherein step (c) includes the step of performing a

Fourier analysis.

12. The method of claim 10, wherein step (c) includes the steps of:

(d) calculating the arc length from an arbitrary fixed reference point to the
end of each pitch length of the pitch sequence;

(e) calculating the mean pitch arc length for each pitch length of the pitch
sequence; and

(f) analyzing the difference between the arc lengths of the pitch sequence

and the arc lengths of the mean pitch lengths.

13. The method of claim 12, wherein step (f) includes the step of performing a

Fourier analysis on the difference.

14. The method of claim 13, further including the step of calculating the difference
with the formula D = X; - mean X;, where X; = sum L, (j = 1 to i) and mean X =

(iY(C/N); wherein N is the total number of tread pitches placed about the

14
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circumference of the tire; C is the circumference of the tire; X, is the arc length
from the fixed reference point to the end of the i tread pitch; L is the length of the

pitch; and mean X; is the arc length of i pitches times the mean pitch size.

15. The method of claim 13, further comprising the step of analyzing the variance

in the first through fifth orders identified by the Fourier analysis.

16. The method of claim 15, further comprising the step of analyzing the

amplitudes of the first through fifth orders.

17. A tire having a tire noise pitch sequence selected by the method of claim 10.

18. A method for analyzing a tire noise pitch sequence based on tire tread lug
stiffness variations; the method comprising the steps of:

(a) defining the tire noise pitch sequence and the pitch ratios;

(b) identifying the pitch lengths for the tire noise pitch sequence;

(c) calculating the arc length from an arbitrary fixed reference point to the
end of each pitch length of the pitch séquence;

(d) calculating the mean pitch arc length for each pitch length of the pitch
sequence;

(e) using a Fourier analysis to analyze the difference between the arc
lengths of the pitch sequence and the arc lengths of the mean pitch lengths,
wherein the difference is calculated with the formula D = X, - mean X;, where X; =

sum L; (j = 1 to i) and mean X; = (i)(C/N); wherein N is the total number of tread

15
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pitches placed about the circumference of the tire; C is the circumference of the
tire; X, is the arc length from the fixed reference point to the end of the i tread
pitch; L is the length of the pitch; and mean X, is the arc length of i pitches times

the mean pitch size; and

(f) analyzing the variance in the first through fifth orders identified by the

Fourier analysis.

19. The method of claim 18, further comprising the step of analyzing the

amplitudes of the first through fifth orders.

16
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