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(57) Abrege(suite)/Abstract(continued):

measurements and lateral force variation measurements. Deconvolution can be used to estimate radial run out from one or more
uniformity parameter measurements, Including radial force variation parameter measurements and lateral force variation
measurements. The estimated uniformity parameter can be estimated from the measured radial uniformity parameter using one or
more models. The one or more models can represent an estimated radial uniformity parameter at a discrete measurement point as
a welghted sum of the measured radial uniformity parameter at the discrete measurement point and one or more selected

measurement points proximate the discrete measurement point. The measurement points can be selected based on the contact
patch length of the tire.
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(57) Abstract: Systems and methods for estimating a uniformity parameter
of a tire are provided. For mstance, convolution can be used to estimate ra-
dial force variation from one or more uniformity parameter measurements,
including radial run out parameter measurements and lateral force variation
measurements. Deconvolution can be used to estimate radial run out from
one or more uniformity parameter measurements, including radial force vari-
ation parameter measurements and lateral force variation measurements. The
estimated uniformity parameter can be estimated from the measured radial
uniformity parameter using one or more models. The one or more models
can represent an estimated radial uniformity parameter at a discrete measure -
ment point as a weighted sum of the measured radial uniformity parameter at
the discrete measurement point and one or more selected measurement
points proximate the discrete measurement pomt. The measurement points
can be selected based on the contact patch length of the tire.
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TIRE UNIFORMITY IMPROVEMENT USING ESTIMATES BASED ON
CONVOLUTION/DECONVOLUTION WITH MEASURED LATERAL FORCE
VARIATION

FIELD OF THE INVENTION
[0001] The present disclosure relates generally to systems and methods for
improving tire uniformity, and more particularly to systems and methods for
improving tire uniformity based on the use of convolution/deconvolution-based

estimates of uniformity parameters.

BACKGROUND OF THE INVENTION
[0002] Tire non-uniformity relates to the symmetry (or lack of symmetry) relative
to the tire’s axis of rotation 1n certain quantifiable characteristics of a tire.
Conventional tire building methods unfortunately have many opportunities for
producing non-uniformities in tires. During rotation of the tires, non-uniformities
present 1n the tire structure produce periodically-varying forces at the wheel axis.
Tire non-uniformities are important when these force variations are transmitted as
noticeable vibrations to the vehicle and vehicle occupants. These forces are
transmitted through the suspension of the vehicle and may be felt in the seats and
steering wheel of the vehicle or transmitted as noise 1n the passenger compartment.
The amount of vibration transmitted to the vehicle occupants has been categorized as
the “ride comfort” or “comfort” of the tires.
[0003] Tire uniformity parameters, or attributes, are generally categorized as
dimensional or geometric variations (radial run out and lateral run out), mass
variance, and rolling force variations (radial force variation, lateral force variation and
tangential force variation, sometimes also called longitudinal or fore and aft force
variation). Once tire uniformity parameters are identified, correction procedures can

be performed to account for some of the uniformities by making adjustments to the
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manufacturing process. Additional correction procedures can be performed to address
non-uniformities of a cured tire including, but not limited to, the addition and/or
removal of material to a cured tire and/or deformation of a cured tire.

[0004] Force variation parameters of a tire, such as radial force variation, can be
attributable not only to the geometric variations (¢.g. radial run out) of the tire but also
to variations 1n tire stiffness. In certain circumstances, it can be desirable to
determine the portion of a measured force variation parameter attributable to
geometric variations in the tire and the portion of the measured force variation
parameter attributable to tire stiffness. In addition, only certain tire uniformity
parameter measurements may be available for a tire. For instance, radial run out
measurements may be available for a tire but radial force variation measurements may
not be available.

[0005] Thus, a need exists for a system and method that provides for the
translation back and forth between radial force variation and radial run out of a tire.

A system and method that can provide for assessing of the stiffness of a tire, including

contributions to tire stiffness, would be particularly useful.

SUMMARY OF THE INVENTION
[0006] Aspects and advantages of the invention will be set forth 1n part in the
following description, or may be apparent from the description, or may be learned
through practice of the invention.
[0007] One exemplary aspect of the present disclosure 1s directed to a method for
estimating radial force variation of a tire. The method includes obtaining a measured
radial run out parameter for a plurality of measurement points about the tire and
obtaining a measured lateral force variation parameter for the plurality of
measurement points about the tire. The method further includes accessing a model
correlating radial force variation of the tire with radial run out and lateral force
variation of the tire and determining, with a computing device, an estimated radial
force variation parameter for at least one discrete measurement point for the tire using
the model. For instance, 1n a variation of this exemplary aspect of the present

disclosure, the estimated radial force variation parameter for the at least one discrete
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measurement point can be determined based at least in part on the measured radial run
out parameter and the measured lateral force variation parameter for one or more
measurement points proximate to the discrete measurement point on the tire. The one
or more measurement points proximate to the discrete measurement point can be
selected based on a contact patch length for the tire.

[0008] Another exemplary aspect of the present disclosure 1s directed to a system
for estimating radial force variation of a tire. The system includes a measurement
machine configured to acquire a measured radial run out parameter and a measured
lateral force variation parameter for a plurality of measurement points about a tire.
The system further includes a computing device coupled to the measurement machine.
The computing device 1s configured to access a model correlating radial force
variation of the tire with radial run out and lateral force variation of the tire. The
computing device 1s further configured to determine an estimated radial force
variation parameter for at least one discrete measurement point for the tire using the
model.

[0009] Yet another exemplary aspect of the present disclosure 1s directed to a
method for estimating radial run out of a tire. The method includes obtaining a
measured radial force variation parameter for a plurality of measurement points about
the tire and obtaining a measured lateral force variation parameter for the plurality of
measurement points about the tire. The method further includes accessing a model
correlating radial run out of the tire with radial force variation and lateral force
variation of the tire and determining, with a computing device, an estimated radial run
out parameter for at least one discrete measurement point for the tire using the model.
[0010] These and other features, aspects and advantages of the present invention
will become better understood with reference to the following description and
appended claims. The accompanying drawings, which are incorporated 1n and
constitute a part of this specification, illustrate embodiments of the invention and,

together with the description, serve to explain the principles of the mnvention.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0011] A full and enabling disclosure of the present invention, including the best
mode thereof, directed to one of ordinary skill in the art, 1s set forth 1n the
specification, which makes reference to the appended figures, 1n which:
[0012] FIGS. 1 and 2 provide a simplified graphical representation of the
transformation of radial run out into radial force variation through action of the
contact patch of a tire;
[0013] FIG. 3 depicts a flow diagram of an exemplary method for generating a
model correlating an estimated radial uniformity parameter of a tire with a measured
radial uniformity parameter and a measured lateral force variation parameter
according to an exemplary embodiment of the present disclosure;
[0014] FIG. 4 depicts a representation of a plurality of measurement points
proximate a discrete measurement point along a center track of a tire;
[0015] FIG. 5 depicts a representation of a plurality of measurement points
proximate a discrete measurement point along a plurality of tracks of a tire;
[0016] FIG. 6 depicts a flow diagram of an exemplary method for improving the
uniformity of a tire based on convolution-based estimated radial force variation of a
tire determined using measured radial run out and measured lateral force variation
according to an exemplary embodiment of the present disclosure;
[0017] FIG. 7 depicts a flow diagram of an exemplary method for improving the
uniformity of a tire based on deconvolution-based estimated radial run out of a tire
determined using measured radial force variation and measured lateral force variation
according to an exemplary embodiment of the present disclosure; and
[0018] FIG. 8 depicts a block diagram of an exemplary system according to an

exemplary embodiment of the present disclosure.

DETAILED DESCRIPTION
[0019] It 15 to be understood by one of ordinary skill in the art that the present
discussion 1s a description of exemplary embodiments only, and 1s not intended as

[imiting the broader aspects of the present invention. Each example 1s provided by
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way of explanation of the invention, not limitation of the invention. In fact, 1t will be
apparent to those skilled 1n the art that various modifications and variations can be
made 1n the present invention without departing from the scope or spirit of the
invention. For instance, features illustrated or described as part of one embodiment
can be used with another embodiment to yield a still further embodiment. Thus, 1t 1S
intended that the present invention covers such modifications and variations as come
within the scope of the appended claims and their equivalents.

[0020] Generally, the present disclosure 1s directed to systems and methods for
estimating a uniformity parameter of a tire. In particular, a first type of radial
uniformity parameter of a tire can be estimated from a measured second type of radial
uniformity parameter of the tire. The second type of radial uniformity parameter can
be a different type of radial uniformity parameter than the first type of radial
uniformity parameter. Measured lateral force variation of the tire can be used to
improve the accuracy of the estimated radial uniformity parameter. In this way, an
estimated radial uniformity parameter can be obtained, for instance, in circumstances
when a particular uniformity parameter has not been measured or 1s otherwise
unavailable.

[0021] As used herein, a radial uniformity parameter of a tire 1s a uniformaity
parameter associated with the radial direction of the tire, such as a radial run out
parameter or a radial force variation parameter for the tire. Radial run out 1s a
uniformity parameter directed to the physical out of roundness or gecometrical non-
uniformity in the radial direction of a tire. Radial force variation (RFV) 1s a
uniformity parameter directed to variations in force reacting in the radial direction on
a surface in contact with the tire.

[0022] The present disclosure also makes reference to lateral force variation.
Lateral force variation 1s a uniformity parameter associated with variations in force
reacting in the lateral direction of the tire. The present disclosure will be discussed
with reference to low speed uniformity parameters (e.g. parameters associated with
rotational speeds of less than 600 rotations per minute) for purposes of 1llustration and

discussion. Those of ordinary skill in the art, using the disclosures provided herein,
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will understand that aspects of the present disclosure can be similarly applicable to
other uniformity parameters.

[0023] The radial run out of a tire can be transformed through action of the
contact patch into radial force variation. Based on this principle, aspects of the
present disclosure are directed to translating between radial run out of a tire and radial
force variation of a tire. For instance, convolution can be used to estimate radial force
variation from one or more uniformity parameter measurements, including radial run
out parameter measurements. Deconvolution can be used to estimate radial run out
from one¢ or more uniformity parameter measurements, including radial force
variation parameter measurements. Exemplary methods for convolution and
deconvolution between radial run out and radial force variation are disclosed in
PCT/US2013/034600, assigned to the common assignee of the present application.
[0024] It has been discovered that using lateral force variation measurements
when translating between radial run out and radial force variation can lead to
improved estimates of uniformity parameters. In particular, estimating radial force
variation based on both measured radial run out and measured lateral force variation
can lead to improved accuracy when compared to estimating radial force variation
based on measured radial run out alone. Similarly, estimating radial run out based on
both measured radial force variation and measured lateral force variation can lead to
improved accuracy when compared to estimating radial run out based on measured
radial force variation alone.

[0025] According to aspects of the present disclosure, the estimated radial
uniformity parameter can be estimated from the measured radial uniformity parameter
and the measured lateral force variation using one or more models. The one or more
models can represent an estimated radial uniformity parameter at a discrete
measurement point as a weighted sum of the measured radial uniformity parameter at
the discrete measurement point and one or more sclected measurement points
proximate the discrete measurement point. The weighted sum can further take into
account measured lateral force variation at the discrete measurement point and the

selected measurement points proximate the discrete measurement point.
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[0026] The selected measurement points proximate to the discrete measurement
point can be selected based on the contact patch length of the tire to provide an
approximation of the transformation of radial run out to radial force variation through
action of the contact patch. The one or more models can be generated by obtaining
measured radial run out data, measured radial force variation data, and measured
lateral force variation data for a sct of one or more test tires and estimating
coctticients for the weighted sum using a regression analysis (e.g. multiple linear
regression, Bayesian regression, etc.) or a programming analysis (¢.g. a linear
programming analysis) based on the measured data.

[0027] The estimated radial uniformity parameter can be used for a variety of
purposes. For instance, an estimated radial force variation parameter can be used to
replace radial force variation measurements used for tire grading/sorting. An
estimated radial force variation parameter can also be used, for instance, to replace
radial force variation measurements used in dynamic tire uniformity compensation
processes, such as green tire correction processes, and can also be used to supplement
measured radial force variation used 1n signature analysis studies. An estimated radial
run out parameter can be used, for instance, to track joint formation, and/or to replace
or supplement radial run out measurements typically used in process harmonic
detection.

[0028] An estimated radial force variation parameter can also be used to assess
the stiffness of a tire. The radial force variation of a tire can be attributable not only
to radial run out through action of the contact patch, but can also be attributable to
variations in stiffness of the tire. Any differences in a measured radial force variation
and an estimated radial force variation determined according to aspects of the present
disclosure can provide an indication of the portion of radial force variation
attributable to stiffness. In this manner, an estimated radial force variation for a tire
can be compared to a measured radial force variation for the tire to assess the stiftness
of the tire. With the additional input of the lateral force variation, 1t can be possible to
further partition the tire stiffness into components due to structural and material

cftects.
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[0029] FIGS. 1 and 2 provide a simplified representation of a tire to explain the
transformation of radial run out through action of the contact patch to radial force
variation. In particular, FIG. 1, 1llustrates an exemplary tire 20 having radial run out
at point 25. The tire 20 rolls on a surface 40. The contact patch 30 1s the portion of
the tire 20 1n contact with the surface 40. The contact patch 30 has a length L. The
length L of the contact patch 30 can be dependent on factors such as section width,
aspect ratio, seat size, inflation pressure, and load of the tire 20. Radial force 28 acts
on the tire 20 along the radial direction (1.¢. along the x-axis) 1n response to the tire 20
rolling on the surface 40. Lateral force 26 also acts on the tire 20 along the lateral
direction (1.¢. along the y-axis coming out of the page) in response to the tire 20
rolling on the surface 40. In FIG. 1, the radial run out at point 25 1s outside the
contact patch 30. As such, the radial run out at point 25 does not contribute to the
radial force 28 on the tire 20. The radial force 28 on the tire 20 can result from
compression of the tire 20 at the contact patch 30 and factors such as stiffness of the
tire 20.

[0030] In FIG. 2, the tire 20 has rolled such that radial run out at point 25 18
passing through the contact patch 30 of the tire 20. When radial run out at point 25 1s
passing through the contact patch 30, the radial run out will be compressed (in
addition to the nominal deformation due to loading) and radial force 38 will be
created. The radial force 38 can result at least in part from compression of the radial
run out at point 25 as 1t passes through the contact patch 30. The radial force 38 for
the tire 20 as the radial run out at point 25 passes through the contact patch 30 can be
orcater than the radial force 28 for the tire 20 when the radial run out at point 25 1s not
passing through the contact patch 30. As a result, radial run out contributes to radial
force variation of the tire through action of the contact patch. The lateral force 36 can
also be different for the tire 20 as the radial run out at point 25 passes through the
contact patch. The lateral force variation can be attributable to factors, such as, radial
run out and other geometric variations of the tire 20 and/or variations in stiffness of
the tire 20.

[0031] According to aspects of the present disclosure, one or more models can be

generated correlating radial run out and radial force variation of the tire based on the
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transformation of radial run out to radial force variation through action of the contact
patch. The one or more models can be used to estimate radial uniformity parameters
from measured radial uniformity parameters. The one or more models can take 1nto
account measured lateral force variation of the tire to improve the accuracy of the
model. In particular, an estimated radial uniformity parameter at a discrete
measurement point can be determined based on a weighted sum of measured radial
uniformity parameters and lateral force variation parameters at selected measurement
points proximate the discrete measurement point, such as measurement points that fall
within the contact patch length of the tire relative to the discrete measurement point.
[0032] FIG. 3 depicts a flow diagram of an exemplary method (300) for
generating a model correlating an estimated radial uniformity parameter of a tire with
a measured radial uniformity parameter and a measured lateral force variation
parameter of the tire. The method (300) depicts steps performed 1n a particular order
for purposes of 1llustration and discussion. One of ordinary skill in the art, using the
disclosures provided herein, will understand that the steps of any of the methods
disclosed herein can be adapted, omitted, rearranged, and/or modified 1in various
ways.

[0033] At (302), the method includes 1dentifying a set of test tires. The set of test
tires can include a plurality of tires of the same or similar tire construction. The set of
test tires can include any number of tires suitable for generating a model correlating a
measured radial uniformity parameter of a tire with an estimated radial uniformity
parameter of the tire according to aspects of the present disclosure. For example, the
set of test tires can include a set of 2 to 10 test tires.

[0034] At (304), the method includes obtaining measured radial run out data for
on¢ or more test tires 1n the set of test tires. As used herein, obtaining data can
include measuring the data, for instance, using a uniformity measurement machine or
other suitable device and/or can include accessing previously measured or acquired
data stored, for instance, in a memory of a computing device. The radial run out data
can 1nclude a radial run out waveform measured for each test tire in the set of test
tires. The radial run out waveform can provide a measured radial run out parameter

(¢.g. measured radial run out) of the test tire for a plurality of measurement points at
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spaced angular locations about the circumference of the test tire (e.g. 128, 256, 512 or
other suitable number measurement points).

[0035] At (306), the method includes obtaining measured radial force variation
data for one or more test tires 1n the set of test tires. Similar to the radial run out data,
the radial force variation data can include a radial force variation waveform measured
for cach test tire 1n the set of test tires. The radial force variation waveform can
provide a measured radial force variation parameter (¢.g. measured radial force) of the
test tire for a plurality of measurement points at spaced angular locations about the
circumference of the test tire. The radial force variation data can be obtained for
rotation of the tire in both the clockwise and counterclockwise direction. The radial
force variation data can also include various derived measures, such as an average
radial force variation determined based on measured radial force variation for both
clockwise and counterclockwise rotation of the tire.

[0036] At (308), the method includes obtaining measured lateral force variation
data for one or more test tires 1n the set of test tires. The lateral force variation data
can include a lateral force variation wavetorm measured for cach test tire 1n the set of
test tires. The lateral force variation wavetorm can provide a measured lateral force
variation parameter (€.g. measured lateral force) of the test tire for a plurality of
measurement points at spaced angular locations about the circumference of the test
tire. The lateral force variation data can be obtained for rotation of the tire 1 both the
clockwise and counterclockwise direction. The lateral force variation data can also
include various derived measures, such as an average lateral force variation
determined based on measured lateral force variation for both clockwise and
counterclockwise rotation of the tire. The lateral force variation data can further
include a measure of the conicity of the tire determined from the measured lateral
force variation data (e.g. conicity = (lateral force variation for clockwise rotation +
lateral force variation for counterclockwise rotation)/2).

[0037] At (310), the radial run out data, the radial force variation data, and the
lateral force variation data for the set of test tires 1s standardized for purposes of
determining the model. Standardization can be performed by subtracting a mean from

cach data point in the radial run out data, the radial force variation, and the lateral

10
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force variation data and dividing cach data point by the standard deviation of the data
to center data at zero and account for any measurement offsets.

[0038] At (312), the model 1s generated by modeling the estimated radial
uniformity parameter as a weighted sum of a measured radial uniformity parameter at
the discrete measurement point and one or more measurement points proximate to the
discrete measurement point. The one or more measurement points proximate the
discrete measurement point can be selected based on the contact patch length
associated with the test tires. The weighted sum also accounts for measured lateral
force variation at the discrete measurement point and the one or more measurement
points proximate the discrete measurement point.

[0039] One exemplary model that can be generated according to exemplary
aspects of the present disclosure 1s a convolution model correlating an estimated
radial force variation parameter at a discrete measurement point with the radial run
out parameters at a plurality of measurement points along a center track of the tire and
with measured lateral force variation. This particular convolution model can be more
readily understood with reference to FIG. 4 of the present disclosure.

[0040] FIG. 4 depicts a portion of tire 20. The radial run out data can provide a
plurality of radial run out measurements for measurement points along a center track
120 of the tire 20. The lateral force variation data can provide a plurality of lateral
force variation measurements for the tire. The convolution model can represent an
estimated radial force variation parameter at a discrete measurement point 100 as a
weighted sum of the measured radial run out parameter and the measured lateral force
variation at the discrete measurement point 100 1n addition to the measured radial run
out parameter and measured lateral force variation parameter at one or more
measurement points 110 proximate to the discrete measurement point 100.

[0041] As shown 1n FIG. 4, the measurement points 110 are selected to provide an
approximation of the measurement points within the contact patch length L of the tire
relative to the discrete measurement point 100. One or more of the measurement
points 110 can be used in the convolution model. For instance, in one
implementation, all measurement points 110 can be used in the convolution model. In

another implementation, selected of the measurement points 110, such as the outer
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measurement points (1.¢. the measurement points 110 the furthest distance away from
the discrete measurement point 100) can be used 1n the convolution model.
[0042] The convolution model according to this exemplary embodiment can be

represented as follows:

k=j k=]
vr; = Z Qivie * fTCirk T Z Bivie * Vi (1)
k=—j k=—]
[0043] This convolution model represents radial force variation »v at a discrete

measurement point 7 as a weighted sum of measured radial run out frc and lateral
force variation v/ at cach measurement point i+ proximate to and including the
discrete measurement point. a; 4 represents coetficients associated with radial run out
for measurement points i+4 used 1n the weighted sum. ;i represents coetficients
assoclated with lateral force variation for measurement points i+4 used 1n the
weighted sum. A can range from —j to j depending on the particular tire construction.
The size of j can be based on the contact patch length of the tire.

[0044] In one example, j 1s equal to 3 such that measured radial run out associated
with 7 measurement points 18 used to estimate radial force variation at the discrete
measurement point. It has been discovered that 7 measurement points can provide a
ogood approximation of the contact patch length for certain tires when 128 equally
spaced measurement points are provided about the tire. More or fewer measurement
points can be used without deviating from the scope of the present disclosure.

[0045] Another exemplary model that can be generated according to exemplary
aspects of the present disclosure 1s a convolution model correlating an estimated
radial force variation at a discrete measurement point with radial run out at a plurality
of measurement points along a plurality of tracks of the tire in addition to measured
lateral force variation for the tire. It has been discovered that the use of a plurality of
tracks of radial run out measurements can increase the accuracy of the convolution
model. A convolution model generated based on radial run out data for a plurality of
tracks can be more readily understood with reference to FIG. 5 of the present
disclosure.

[0046] FIG. 5 depicts a portion of tire 20. Radial run out data can provide a

plurality of radial run out measurements along a center track 120 of the tire 20. The
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radial run out data can also provide a plurality of radial run out measurements along
additional tracks of the tire 20, such as along tracks 122 and 124 of the tire 20.
Lateral force variation measurements are not provided for all three tracks, but are
provided for the discrete measurement point 110 and measurement points 112
associated with the center track 120. The convolution model can represent an
estimated radial force variation parameter at a discrete measurement point 100 as a
welghted sum of the measured radial run out at the discrete measurement point 100,
the one or more measurement points 110 along the plurality of tracks 120, 122, and
124 proximate to the discrete measurement point 100, and the lateral force variation at
the discrete measurement point 100 and one or more measurement points 112
proximate to the discrete measurement point 100.

[0047] A convolution model involving a plurality of radial run out tracks can be

represented as follows:

I=n k=] k=]
T = Z Apivic ¥ [TCpk T Z Bivi * Vg (2)
=1 k=— o =—
[0048] This convolution model represents radial force variation »v at a discrete

measurement point 7 as a weighted sum of measured radial run out frc at cach

measurement point i+4 for n tracks proximate to and including the discrete
measurement point. The weighted sum also includes measured lateral force variation
vl for measurement points i +4 proximate to and including the discrete measurement
point. o+ represents coefficients associated with measurement points i +4 for cach of
the » tracks used 1n the weighted sum. f;i;represents coetticients associated with
lateral force variation for measurement points i +4 used 1n the weighted sum. & can
range from —j to j depending on the particular tire construction.

[0049] A convolution model for the particular embodiment with three radial run

out tracks 1s provided below:

k=j k=] k=]
vry = Z Qi * [TCipg T Z Aivie * frtipr + Z Vitk * fTDisi
o —— -

k=j
b Bk vl (3)

k=—j
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[0050] This exemplary model represents radial force variation »v at a discrete
measurement point 7 as a weighted sum of measured radial run out frc at each

measurement point ;+4 for a center track, measured radial run out fr7 at cach

measurement point i+k, for a top track, measured radial run out frb at each
measurement point i+ for a bottom track, and measured lateral force variation v/ at
cach measurement point i+k. o, represents coetficients associated with
measurement points i +4k for the center track. A, represents coetficients associated
with measurement points i +4 for the top track. y;1x represents coetficients associated
with measurement points i +£ for the bottom track. f;.,represents coefficients
associlated with lateral force variation for measurement points i+4 used 1n the
weighted sum. A can range from —j to j depending on the particular tire construction.
[0051] Y et another exemplary model can be a deconvolution model correlating an
estimated radial run out parameter at a discrete measurement point along a center
track with measured radial force variation and measured lateral force variation. The
deconvolution model can also be understood with reference to FIG. 4 of the present
disclosure. In particular, the radial force variation data can provide a plurality of
radial force measurements for the tire 20. The deconvolution model can estimate
radial run out at a discrete measurement point 100 along a center track 120 of the tire
20 as a weighted sum of the measured radial force variation and the measured lateral
force variation at the discrete measurement point 100 1n addition to one or more

measurement points 110 proximate to the discrete measurement point 100.

[0052] The deconvolution model can be represented as follows:
k=] k=]
fre; = Z Oy * Vg + Z Bivi * Vg (4)
k=—]j k=—]j
[0053] This deconvolution model represents radial run out frc at a discrete

measurement point 7 along a center track of a tire as a weighted sum of measured
radial force variation v and measured lateral force variation v/ at cach measurement
point i +k proximate to and including the discrete measurement point. J;,; represents
coctticients associated with measurement points i+4 used 1in the weighted sum. ;44

represents coefficients associated with lateral force variation for measurement points
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i+k used 1n the weighted sum. £ can range from —j to j depending on the particular
tire construction.

[0054] Referring back to FIG. 3 at (314) after the estimated radial uniformity
parameter has been modeled as discussed above, the coetficients associated with the
on¢ or more models need to be estimated using the measured radial run out data, the
measured radial force variation data, and the measured lateral force variation data. In
particular, the measured radial run out data, the measured radial force variation data,
and the measured lateral force variation data can be substituted into the model. The
coctticients provided by the model can then be estimated based on the data. Constant
coctticients can be estimated based on measured data for all sectors (each discrete
measurement point) of the test tires in the set of test tires. The coefficients can be
estimated using any suitable technique, such as a regression technique or a
programming technique.

[0055] In one 1implementation, the coetficients can be estimated using multiple
linear regression. Multiple linear regression can estimate a unique set of coetficients
that minimizes the sum of the squared errors between the estimated radial uniformity
parameter and the measured radial uniformity parameter data. In the multiple lincar
regression approach, the estimated coefficients are essentially unconstrained and
cstimates can sometimes not meet physical expectations. The solution can come
directly from a matrix equation.

[0056] In another implementation, the coefficients can be estimated using
Bayesian regression. Bayesian regression also minimizes the sum of the squared
errors but 1t does so by maximizing the posterior probability that the model 1s correct
given the observed data. This requires that a prior probability that the model 1s
correct be provided. This addition allows for the conditioning of the final estimated
coctficients to be more physically realistic. Depending on the type of prior
probability that 1s used, the solution can either come directly from a matrix equation
or from an 1terative search. The prior probability can be used to condition the results
but 1t 1s not an absolute constraint on the final estimates of the coetficients. For
example a suitable prior probability might condition the estimates to be lower at the

cdges of the contact patch and higher 1n the center.
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[0057] In yet another implementation, a linear programming approach can be used
to implement an L1 optimization that minimizes the sum of the absolute errors. This
approach can provide for constraining the estimates to match physical expectations in
an explicit manner. For instance, the coefficients can be expected to be smaller for
measurement points proximate the edges of the contact patch than at the center. The
coefficient pattern can also be expected to be reasonably symmetric around the center
of the contact patch. The final solution under this approach can be the optimal set of
coctficients that both meet the constraints and minimize the sum of the absolute
errors. This approach can be particularly suitable for estimating coefficients for
convolution/deconvolution models because of the ability to force the estimates of the
coctticients to meet physical expectations.

[0058] Once the one or more models for translating between radial run out and
radial force variation have been generated according to aspects of the present
disclosure, the models can be accessed and used to determine an estimated radial
uniformity parameter for the tire. For instance, a convolution model can be used to
estimate radial force variation from radial run out measurements and lateral force
variation measurements. A deconvolution model can be used to estimate radial run
out from radial force variation measurements and lateral force variation
measurements. The estimated radial uniformity parameter(s) can then be used 1n a
variety of manners to improve the uniformity of a tire.

[0059] FIG. 6 depicts a flow diagram of an exemplary method (400) of improving
the uniformity of a tire using convolution-based estimated radial force variation of a
tire determined using measured radial run out and measured lateral force variation
according to an exemplary embodiment of the present disclosure. At (402), the
method includes obtaining a measured radial run out parameter for a plurality of
measurement points about a tire. As used herein, obtaining a uniformity parameter
can include measuring the uniformity parameter using a uniformity measurement
machine or other suitable measurement machine and/or can include accessing
previously measured uniformity parameters stored, for instance, in a memory. The

measured radial run out parameter can include or be a part of a measured radial run
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out waveform for a plurality of points (¢.g. 128 points) about one or more tracks on
the surface of the tire.

[0060] At (404), the method includes obtaining a measured lateral force variation
parameter for a plurality of measurement points about a tire. The measured
uniformity parameter can be a measured lateral force variation waveform for a
plurality of points (¢.g. 128 points) about the tire.

[0061] At (406), the method includes accessing a model correlating radial force
variation with the radial run out of the tire. Accessing the model can include
accessing a model stored 1n a memory of a computing device. The model can be a
convolution model correlating radial force variation of a tire with measured radial run
out and measured lateral force variation.

[0062] At (408), the estimated radial force variation parameter 1s determined for
on¢ or more discrete measurement points on the tire using the model. In particular,
the measured radial run out and measured lateral force variation for the discrete
measurement point and/or one or more measurement points proximate the discrete
measurement point are substituted into convolution model. The estimated radial force
variation parameter at the discrete measurement 1s then calculated from the measured
radial run out and measured lateral force variation using the convolution model. This
process can be repeated for each discrete measurement point to generate an estimated
radial force variation waveform for the tire.

[0063] For instance, referring to the example tire 20 of FIG. 4, measured radial
run out parameters for the discrete measurement 100 and the measurement points 110
proximate the discrete measurement point along the center track 120 of the tire 20
addition to measured lateral force variation parameters are substituted into the
convolution model represented by equation (1) above. The estimated radial force
variation parameter for the discrete measurement point 100 18 then calculated using
the convolution model represented by equation (1).

[0064] As another example and referring to the example tire 20 of FIG. 5,
measured radial run out parameters for the discrete measurement point 100 and the
measurement points 110 along the plurality of tracks 120, 122, and 125 1n addition to

measured lateral force variation parameters can be substituted into the convolution
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model represented by equation (3) above. The estimated radial force variation
parameter for the discrete measurement point 100 1s then calculated using the
convolution model represented by equation (3).

[0065] Once the estimated radial force variation parameter has been determined
using the convolution model, the estimated radial force variation parameter can be
used to assess and/or improve uniformity of the tire. For instance, at (410), the
method can include sorting or grading the tire based on the estimated radial force
variation parameter. At (412), the method can include modifying tire manufacture
based on the estimated radial force variation parameter. For example, correction
techniques can be performed (e.g. addition or removal of tire material) on the tire to
reduce the estimated radial force variation. As another example, the estimated radial
force variation can be used as part of a uniformity compensation method such as
signature analysis or as part of a green tire correction process.

[0066] The estimated radial force variation parameter can also be used to assess
the stiffness of the tire. To assess tire stiffness, the method can include obtaining a
measured radial force variation parameter for the one or more discrete measurement
points (414). At (416), the estimated radial force variation parameter determined for
the one or more discrete measurement points using a convolution model according to
aspects of the present disclosure 1s compared with the measured radial force variation
at the one or more discrete measurement points to assess tire stiffness. For instance,
any differences between the measured and estimated radial force variation can
provide an indication of the amount of radial force at the one or more discrete
measurement points 18 attributable to tire stiffness.

[0067] The lateral force variation component can also provide for separating the
stiffness of the tire into different components, such as stiffness components
attributable to local material effects and stiffness components attributable to structural
cffects. Lateral force can be most directly influenced by the structural effects. Thus,
analyzing the differences between the measured and estimated radial force variation
using measured lateral force variation can be used to estimate the portion of stiffness

attributable primarily to structural effects.
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[0068] FIG. 7 depicts a flow diagram of an exemplary method (500) for
improving tir¢ uniformity using a deconvolution-based estimated radial run out
parameter of a tire determined using measured radial force variation and measured
lateral force variation according to an exemplary embodiment of the present
disclosure. At (502), the method includes obtaining a measured radial force variation
parameter for a plurality of measurement points about a tire. At (504), the method
includes obtaining a measured lateral force variation parameter for a plurality of
measurement points about the tire.

[0069] At (506), the method includes accessing a model correlating radial force
variation with the radial run out of the tire. The model can be a deconvolution model
correlating radial run out of a tire with measured radial force variation and measured
lateral force variation. At (508), the estimated radial run out parameter is determined
for one or more discrete measurement points on the tire using the model. In
particular, the measured radial force variation and the measured lateral force variation
for the discrete measurement point and/or one or more measurement points proximate
the discrete measurement point are substituted into deconvolution model. The
estimated radial run out parameter at the discrete measurement 1s then calculated from
the measured radial force variation and measured lateral force variation using the
deconvolution model.

[0070] For instance, referring the example tire 20 of FIG. 4, measured radial force
variation parameters and lateral force variation parameters for the discrete
measurement 100 and the measurement points 110 proximate the discrete
measurement point along the center track 120 of the tire 20 are substituted into the
deconvolution model represented by equation (4) above. The estimated radial run out
parameter for the discrete measurement point 100 1s then calculated using the
deconvolution model represented by equation (4). This process can be repeated for a
plurality of discrete measurement point about the circumference of the tire to generate
an estimated radial run out waveform for the tire.

[0071] Once the estimated radial run out parameter has been determined using the
deconvolution model, the estimated radial run out parameter can be used to assess

and/or improve uniformity of the tire. For instance, at (510) of FIG. 7, the method
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can 1nclude sorting or grading the tire based on the estimated radial run out parameter.
At (512), the method can include modifying tire manufacture based on the estimated
radial run out parameter. For example, correction techniques can be performed (e.g.
addition or removal of tire material) on the tire to reduce the estimated radial run out.
As another example, the estimated radial run out can be used as part of a signature
analysis, joint tracking, and/or process harmonic detection.

[0072] Referring now to FIG. 8, a schematic overview of exemplary system
components for implementing the above-described methods are 1llustrated. An
exemplary tire 600 1s constructed 1n accordance with a plurality of respective
manufacturing processes. Such tire building processes may, for example, include
applying various layers of rubber compound and/or other suitable materials to form
the tire carcass, providing a tire belt portion and a tread portion to form the tire
summit block, positioning a green tire 1n a curing mold, and curing the finished green
tire, etc. Such respective process elements are represented as 602a, 602b,..., 602n 1n
FIG. 8 and combine to form exemplary tire 600. It should be appreciated that a batch
of multiple tires can be constructed from one iteration of the various processes 602a
through 602n.

[0073] Referring still to FIG. 8, a measurement machine 604 1s provided to obtain
the various uniformity measurements. In general, such a measurement machine can
include such features as a mounting fixture on which a tire 1s mounted and rotated
centrifugally at one or more speeds. In one example, laser sensors are employed to
operate by contact, non-contact or near contact positioning relative to tire 600 1n order
to determine the relative position of the tire surface at multiple data points (e.g., 128
points) as it rotates about a center line. The measurement machine can also include a
road wheel used to load the tire to obtain force measurements as the tire 1s rotated in
the measurement machine 604.

[0074] The measurements obtained by measurement machine 604 can be relayed
such that they are received at one or more computing devices 606, which may
respectively contain one or more processors 608, although only one computer and
processor are shown in FIG. 8 for ease and clarity of illustration. Processor(s) 608

may be configured to receive input data from input device 614 or data that 1s stored 1n
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memory 612. Processor(s) 608, can then analyze such measurements 1n accordance
with the disclosed methods, and provide useable output such as data to a user via
output device 616 or signals to a process controller 618. Uniformity analysis may
alternatively be implemented by one or more servers 610 or across multiple
computing and processing devices.

[0075] Various memory/media elements 612a, 612b, 612¢ (collectively, “6127)
may be provided as a single or multiple portions of one or more varieties of non-
transitory computer-readable media, including, but not limited to, RAM, ROM, hard
drives, flash drives, optical media, magnetic media or other memory devices. The
computing/processing devices of FIG. 8 may be adapted to function as a special-
purpose machine providing desired functionality by accessing software instructions
rendered m a computer-readable form stored 1n one or more of the memory/media
clements. When software 18 used, any suitable programming, scripting, or other type
of language or combinations of languages may be used to implement the teachings

contained herein.

Example

[0076] Radial force variation data and lateral force variation data were obtained
for a set of four test tires. Radial run out data were obtained for three tracks about the
test tires. A first convolution model was generated using the radial force variation
data and the radial run out data for the three tracks about the test tires. A second
convolution model was generated 1n accordance with aspects of the present disclosure
using the radial force variation data, the radial run out data for the three tracks, and
the lateral force variation data for the test tires. Coefficients for the first and second
convolution models were estimated using a regression analysis. Table 1 below
compares the R” values (coefficient of determination) and the RSME values (Root
Mean Squared Error) of the first convolution model and the second convolution
model. As demonstrated by Table 1 below, the use of lateral force variation can

improve the accuracy of the model significantly.
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Table 1
Tire R’Three | RSME | R’Three | RSME % R> | % RSME
Track Three Track + Three Gain for Gain for
Track [ateral Track + Three Three
Force [.ateral Track + Track +
Force [.ateral [ateral
Force Force
Tire 1 65.89% 99475 86.00% 64570 30.5% 35.1%
Tire 2 86.38% 55477 86.39% 55477 0% 0%
Tire 3 75.47% 73600 85.12% 57853 12.8% 21.4%
Tire 4 65.88% 1.0458 75.73% 88578 15.0% 15.3%
Average 73.41% 83283 83.31% ..66619 13.5% 20.0%
[0077] While the present subject matter has been described in detail with respect

to specific exemplary embodiments and methods thereof, 1t will be appreciated that

those skilled 1n the art, upon attaining an understanding of the foregoing may readily

produce alterations to, variations of, and equivalents to such embodiments.

Accordingly, the scope of the present disclosure 1s by way of example rather than by

way of limitation, and the subject disclosure does not preclude inclusion of such

modifications, variations and/or additions to the present subject matter as would be

readily apparent to one of ordinary skill in the art using the teachings disclosed herein.
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WHAT IS CLAIMED IS:

1. A method for estimating radial force variation of a tire, comprising:

obtaining a measured radial run out parameter for a plurality of
measurement points about the tire;

obtaining a measured lateral force variation parameter for the plurality
of measurement points about the tire;

accessing a model correlating radial force variation of the tire with
radial run out and lateral force variation of the tire; and

determining, with a computing device, an estimated radial force
variation parameter for at least one discrete measurement point for the tire using the
model.

2. The method of claim 1, wherein the estimated radial force variation
parameter for the at least one discrete measurement point 1s determined based at least
in part on the measured radial run out parameter and the measured lateral force
variation parameter for one or more measurement points proximate to the discrete
measurement point on the tire.

3. The method of claim 2, wherein the one or more measurement points
proximate to the discrete measurement point are selected based on a contact patch
length of the tire.

4. The method of claim 1, wheremn the measured radial run out parameter
1s measured for a plurality of measurement points about a center track for the tire.

5. The method of claim 1, wherein the measured radial run out parameter
1s measured for a plurality of measurement points about a plurality of tracks for the
tire.

0. The method of claim 1, wherein the method comprises:

obtaining a measured radial force variation parameter for the discrete
measurement point; and

comparing the measured radial force variation parameter for the
discrete measurement point with the estimated radial force variation parameter

determined using the model to assess a stiffness of the tire.
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7. The method of claim 1, wherein the method comprises generating, with
the computing device, the model correlating radial force variation with radial run out
and lateral force variation of the tire.

8. The method of claim 7, wherein generating the model comprises:

obtaining measured radial run out data for one or more tires 1n a set of
test tires;

obtaining measured lateral force variation data for the one or more tires
1n the set of test tires;

obtaining measured radial force variation data for the one or more tires
1n the set of test tires;

modeling the estimated radial force variation parameter at the discrete
measurement point as a weighted sum of the measured radial run out parameter and
the measured lateral force variation parameter at one or more measurement points
proximate to the discrete measurement point; and

estimating one or more coefficients for the weighted sum based on the
measured radial run out data, the measured radial force variation data, and the
measured lateral force variation data.

9. The method of claim 8, wherein the one or more coetficients are
estimated using a regression analysis or a programming analysis.

10. The method of claim &, wherein the lateral force variation data
comprises conicity data for the tire.

11. A system for estimating radial force variation of a tire, the system
comprising:

a measurement machine configured to acquire a measured radial run
out parameter and a measured lateral force variation parameter for a plurality of
measurement points about a tire; and

a computing device coupled to said measurement machine, the
computing device configured to access a model correlating radial force variation of

the tire with radial run out and lateral force variation of the tire;
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wherein the control system 1s further configured to determine an
estimated radial force variation parameter for at least one discrete measurement point
for the tire using the model.

12.  The system of claim 11, wherein the estimated radial force variation
parameter for the at least one discrete measurement point 18 determined based at least
in part on the measured radial run out parameter and the measured lateral force
variation parameter for one or more measurement points proximate to the discrete
measurement point on the tire.

13.  The system of claim 12, wherein the one or more measurement points
proximate to the discrete measurement point are selected based on a contact patch
length of the tire.

14.  The system of claim 11, wherein the measurement machine 18
configured to acquire a measured radial force variation parameter for the discrete
measurement point, the control system further configured to compare the measured
radial force variation parameter for the discrete measurement point with the estimated
radial force variation parameter for the discrete measurement point to assess a
stiffness of the tire.

15. A method for estimating radial run out of a tire, comprising;:

obtaining a measured radial force variation parameter for a plurality of
measurement points about the tire;

obtaining a measured lateral force variation parameter for the plurality
of measurement points about the tire

accessing a model correlating radial run out of the tire with radial force
variation and lateral force variation of the tire; and

determining, with a computing device, an estimated radial run out
parameter for at least one discrete measurement point for the tire using the model.

16. The method of claim 15, wherein the estimated radial run out
parameter for the at least one discrete measurement point 1s determined based at least
in part on the measured radial force variation parameter and the measured lateral force
variation parameter for one or more measurement points proximate to the discrete

measurement point on the tire.
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17.  The method of claim 16, wherein the one or more measurement points
proximate to the discrete measurement point are identified based on a contact patch
length of the tire.

18.  The method of claim 15, wherein the method comprises generating,
with the computing device, the model correlating radial run out with radial force
variation and lateral force variation of the tire.

19.  The method of claim 18, wherein generating the model comprises:

obtaining measured radial run out data for one or more tires 1n a set of
test tires;

obtaining measured lateral force variation data for the one or more tires
1n the set of test tires;

obtaining measured radial force variation data for the one or more tires
1n the set of test tires;

modeling the estimated radial run out parameter at the discrete
measurement point as a weighted sum of the measured radial force variation
parameter and the measured lateral force variation parameter at one or more
measurement points proximate to the discrete measurement point; and

estimating one or more coefficients for the weighted sum based on the
measured radial run out data, the measured radial force variation data, and the
measured lateral force variation data.

20. The method of claim 19, wherein the one or more coefticients are

estimated using a regression analysis or a programming analysis.
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