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(54)
DETERMINING DEVICE

(57) A method of determining a road surface condi-
tion includes: acquiring, when determining a condition of
aroad surface being in contact with a tire from a time-var-
ying waveform of vibration of the running tire, the
time-varying waveform of vibration having been detected
by a vibration detecting means, a plurality of intrinsic vi-
bration modes, from data of the time-varying waveform
of vibration of the tire, using an algorithm of empirical
mode decomposition; selecting an arbitrary intrinsic vi-
bration mode from the plurality of intrinsic vibration
modes; calculating a statisticamount from the distribution
of feature data calculated by performing Hilbert transform
on the selected intrinsic vibration mode to set the statistic
amount as a feature amount; and determining the road
surface condition from the feature amount and a feature
amount obtained in advance for each road surface con-
dition.
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Description
TECHNICAL FIELD

[0001] The presentinvention relates to a method and an apparatus for determining a state of a road surface on which
a vehicle travels.

BACKGROUND

[0002] Conventionally, as amethod of determining a road surface condition by using only data of a time-series waveform
of tire vibration during running, there has been proposed a method of determining a road surface condition by using a
function as a GA kernel calculated from a vibration level of a particular frequency band, which is a feature vector of each
time window calculated from a time-series waveform extracted by multiplying a time-series waveform of the tire vibration
by a window function, and from a road surface feature vector of each time window calculated from a time-series waveform
of tire vibration previously obtained for each road surface condition (see Patent Document 1, for example).

CITATION DOCUMENT

Patent Document

[0003] Patent Document 1: Japanese Unexamined Patent Application Publication No. 2014-35279
SUMMARY OF THE INVENTION

Technical Problem

[0004] However, in the conventional method, because a time-series waveform is time-stretched/contracted, there has
been an issue that not only much time is required for calculation of the GA kernel but also processing is very heavy
since the number of data is large.

[0005] Time-stretching/contracting is required for comparing obtained vibration waveform (acceleration waveform) of
a tire, for example, in a case where data of tire one round (perimeter of 2m) is obtained at a sampling rate of 10kHz,
when running at a speed of 30km/h, measuring points become 2400 points whereas when running at a speed of 90km/h,
measuring points become 800 points. For this reason, it has been difficult to simply compare waveforms hence it has
been required to expand/contract the waveforms with respect to a time axis.

[0006] This time-expansion/contraction has been a major factor contributing to hinder decrease in the amount of
computations.

[0007] The presentinvention has been made in view of the conventional problem and aims at providing a method and
an apparatus capable of remarkably reducing the amount of computations and determining a road surface condition
quickly and accurately.

Solution to Problem

[0008] The present invention relates to a method of determining a condition of a road surface being in contact with a
tire from a time-varying waveform of vibration of the running tire, the time-varying waveform of vibration having been
detected by a vibration detecting means. The method includes: a step of detecting the time-varying waveform of vibration
of the tire; a step of acquiring a plurality of natural vibration modes, from data of the time-varying waveform, using an
algorithm of empirical mode decomposition; a step of selecting and extracting an arbitrary natural vibration mode from
the plurality of natural vibration modes; a step of calculating feature data by performing Hilbert transform on the extracted
intrinsic vibration mode; a step of calculating a feature amount from a distribution of the feature data; and a step of
determining the road surface condition from the calculated feature amount and a feature amount obtained in advance
for each road surface condition, in which the feature amount is a statistic amount such as an average, a standard
deviation, a skewness and a kurtosis of distribution of the feature data.

[0009] Further, The presentinvention also relates to a road surface condition determination apparatus for determining
a condition of a road surface being in contact with a tire. The apparatus includes: a vibration detecting means that is
attached to the tire and that detects a time-varying waveform of vibration of the running tire; an intrinsic vibration mode
extracting means that acquires a plurality of intrinsic vibration modes, from the time-varying waveform, using an algorithm
of empirical mode decomposition, and extracting any an arbitrary intrinsic vibration mode from the acquired plurality of
intrinsic vibration modes; a feature data calculating means that calculates feature data by performing Hilbert transform
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on the extracted intrinsic vibration mode; a feature amount calculating means that calculates a feature amount from a
distribution of the feature data; a storage means that stores the feature amount calculated using the time-varying waveform
of the vibration having been obtained in advance for each road surface condition; a kernel function calculating means
that calculates a Gaussian kernel function from the calculated feature amount and the feature amount having been
obtained in advance for each road surface condition; and a road surface condition determining means that determines
the road surface condition from a value of discriminant function using the calculated Gaussian kernel function, in which
the feature amount is a statisticamount such as an average, a standard deviation, a skewness and a kurtosis of distribution
of the feature data, and in which the road surface condition determining means compares values of discriminant functions
obtained for respective road surface conditions so as to determine the road surface condition.

[0010] The summary of the invention does not enumerate all the necessary features of the present invention, but sub-
combinations of these feature groups may also become the invention.

BRIEF DESCRIPTION OF THE DRAWINGS
[0011]

FIG. 1 is a functional block diagram illustrating a configuration of a road surface condition determination apparatus
according to an exemplary embodiment of the present invention;

FIG. 2 s a diagram illustrating an example of a mounting position of an acceleration sensor;

FIG. 3 is a diagram illustrating an example of a time-series waveform of vibration of a tire;

FIG. 4 is a diagram illustrating a method of acquiring an intrinsic oscillation mode;

FIG. 5 is a diagram illustrating a method of acquiring feature data.

FIG. 6 is a diagram illustrating an example of distribution states of feature amount;

FIG. 7 is a schematic diagram illustrating a separation hyperplane in an input space and a feature space;

FIG. 8 is a flowchart illustrating a method of determining a road surface condition according to the exemplary
embodiment of the present invention;

FIG. 9is a diagramiillustrating comparison of road surface determination accuracies between a conventional method
and the method according to the exemplary embodiment of the present invention;

FIG. 10 is a diagram illustrating comparison of learning time between a conventional method and the method
according to the exemplary embodiment of the present invention;

FIGs. 11A and 11B are diagrams each illustrating a boundary plane for determination of two road surfaces DRY
and WET; and

FIG. 12 is a diagram illustrating comparison of accuracies of determination of two road surfaces DRY and WET
according to the conventional method and the method according to the exemplary embodiment of the present
invention.

DESCRIPTION OF EMBODIMENT

[0012] FIG. 1is a functional block diagram illustrating a configuration of a road surface condition determination appa-
ratus 10.

[0013] The road surface condition determination apparatus 10 includes an acceleration sensor 11 as a tire vibration
detecting means, a vibration waveform detecting means 12, an intrinsic vibration mode extracting means 13, a feature
data calculating means 14, a feature amount calculating means 15, a memory means 16, a kernel function calculating
means 17 and a road surface condition determining means 18.

[0014] The vibration waveform detecting means 12 to the road surface condition determining means 18 are each
configured, for example, by computer software and a memory such as a RAM.

[0015] The acceleration sensor 11 is, as shown in FIG. 2, disposed integrally with an inner liner portion 21 of the tire
20 in a substantially central portion on a tire chamber 22 side, for detecting a vibration of the tire 20 due to the input
from the road surface. A signal of the tire vibration, which is an output of the acceleration sensor 11 is, for example,
converted into a digital signal after amplified by an amplifier and sent to the vibration waveform detecting means 12.
[0016] The vibration waveform detecting means 12 extracts, for each one rotation of the tire, the acceleration waveform,
which is a time-series waveform of tire vibration, from the signal of the tire vibration detected by the acceleration sensor 11.
[0017] FIG. 3 is a diagram illustrating an example of the time-series waveform of the tire vibration. The time-series
waveform of the tire vibration has large peaks in the vicinity of a step-in position and the vicinity of a kick-out position,
and different vibrations appear in a pre-step-in region R; before a land portion of the tire 20 is grounded and also in a
post-kick-out region Ry after the land portion of the tire 20 is left from the road surface. On the other hand, because a
region before the pre-step-in region R; and a region after the post-kick-out region Ry (hereinafter referred to outside-
road-surface regions) are not substantially affected by the influence of the road surface, a vibration level is small and
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information on the road surface is not included.

[0018] Incidentally, as the definition of the outside-road-surface region, for example, the outside-road-surface region
may be defined in such a manner that a background level is set for the acceleration waveform, and a region having a
vibration level smaller than the background level is determined to be the outside-road-surface region.

[0019] In this example, among the acceleration waveforms, an acceleration waveform within an in-road-surface region
(the pre-step-in region Ry, a treading region R, and the post-kick-out region R), which is a region containing the
information on the road surface, is set to be measurement data x(t), this measurement data x,(t) is decomposed into
a plurality of intrinsic vibration modes (Intrinsic Mode Function: IMF) using an algorithm of empirical mode decomposition
(EMD), and after decomposition, Hilbert transform is performed on each IMF to calculate a feature amount.

[0020] The intrinsic vibration mode extracting means 13 obtains, from the measurement data x4(t), a plurality of IMFs
(C4, Cy, ..., C,) using the algorithm of the EMD, and extracts an arbitrary IMF C, from the obtained plurality of IMFs.
[0021] Hereunder, an explanation will be given of how to obtain the IMF.

[0022] First, as illustrated in FIG. 4, all of maximum points and minimum points of the measurement data x,(t) are
extracted, after obtaining an upper envelope e 4,(t) connecting the maximum points and a lower envelope e;,(t)
connecting the minimum points, a local mean m(t) = (e,ax(t) + emin(t)) / 2 of the upper envelope e ,.(t) and the lower
envelope e, (t) is calculated.

[0023] Next, a different waveform y,(t) = x4(t) - m,(t) between the measurement data x,(t) and the local mean m,(t)
is obtained. The different waveform y,(t) is poor in the symmetric property and thus cannot be said to be an IMF.
Accordingly, the different waveform y,(t) is subjected to the processing similar to the processing performed on the
measurement data x,(t) to obtain a different waveform y,(t). Further, by repeating this processing, different waveforms
ya(t), ya(t), ..., y,(t) are obtained. As to a different waveforms y,(t), The greater k becomes, the higher the symmetrical
property becomes and the closer the IMF becomes .

[0024] As a condition under which the difference waveform becomes IMF, there has been proposed a condition under
which the number of zero cross points and the number of peaks of the y,(t) do not change for four to eight times
successively in the process of obtaining the IMF, and the number of zero cross points coincides with the number of
peaks of the y,(t). Incidentally, a difference waveform y,_4(t) at the time point when a standard deviation of the local
mean my(t) becomes equal to or lower than a threshold value.

[0025] The IMF extracted from the measurement data x,(t) is referred to a first IMF C,.

[0026] Next, a second IMF C, is extracted from the first IMF C, and the measurement data x,(t). More specifically,
data x,(t) = x4(t) - the first IMF C, is defined as new measurement data, and the second IMF C,, is extracted by subjecting
the new measurement data x,(t) to the processing similar to the processing performed on the measurement data x4(t).
[0027] This processing is repeated and, the processing for obtaining the IMF is finished at a time pint when an n-th
IMF C,, becomes a waveform whose extreme value is not more than 1. The number of the extracted IMFs varies depending
on an original waveform (measurement data), however, normally, ten to fifteen of IMFs are extracted.

[0028] Incidentally, an IMF C,, is extracted in order from a high frequency component.

[0029] In addition, a sum of all of the IMF C, equals the measurement data x(t).

[0030] For determining the road surface, since it is necessary to focus on the high-frequency component of the tire
vibration, as an IMF C, of a lower number in order such as the first IMF or the second IMF C, may be used.

[0031] Note that in order to reduce the amount of calculation, it is sufficient to extract only IMF to be used and stop
the calculation. For example, in a case of using only the third IMF C5, the calculation for extracting an IMF C4 and the
following IMFs may be omitted.

[0032] Hereinafter, the k-th IMF C,, which is the IMF to be used, is defined as X,(t).

[0033] The feature data calculating means 14 performs Hilbert transform on the obtained IMF X resulting k performs
Hilbert transform on the X,(t) to calculate an instantaneous frequency fi(t) and an instantaneous amplitude a(t). The
instantaneous frequency f,(t) is time differential of a phase function 6,(t).

[0034] Hilbert transform of X,(t) is obtained by the following equation.

[Math. 1]

fee]
- 1
Y ()= ——| X (T) ——d g v )
T -1
—o0
[0035] By this Hilbert transform, an analysis waveform Z,(t) for calculation of the feature data is expressed by the

following equations (2) to (4). Further, the instantaneous frequency f,(t) can be obtained by the following equation (5).
[Math. 2]
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ZO=X0+] Y ()=akD) e S @

0, ()= tan

_ 1 do .
f(t)= oo dt (%)

[0036] As illustrated in FIG. 5, the waveform of each IMF X(t) has a zero cross points at a plurality of times t; and a
maximum value of the instantaneous amplitude between the time tj and a time b

[0037] Therefore, the waveform between the time tj and the time t;, illustrated by a bold line is reared as a part (hy;
/ 2) of a waveform CkJ whose instantaneous frequency is fk(t ) mstantaneous amplitude is ak(t 1), and the instantaneous
frequency fk(tJ) and the instantaneous amplitude ak(t ;) are regarded as the feature data of each IMF X, (t). Here, t'; = (t

+tp)/2

[0038] Thefeatureamountcalculatingmeans 15 calculates an average ,, a standard deviation ,, and a skewness by.
[0039] These statisticamounts are statistic amounts that are independent of time, hence employed as feature amounts.
The feature amount is determined for each C,.

[0040] Hereinafter, the feature amount to be used is regarded as a feature amount of the first IMF C;.

[0041] FIG. 6 is a diagram illustrating distribution of feature amounts calculated from acceleration waveforms when
running on two road surfaces in conditions of DRY and WET, in which & is an average p, 1 axis is the standard deviation
o, and ( axis is the skewness b,. In addition, the circles with a thin color are data of the DRY road surface, and the
circles with a thick color are data of the WET road surface.

[0042] Here, assuming that the feature amount X = (u, o, bq), FIG. 6 is an input space of the feature amount X and,
if a group of vehicles running on the DRY road surface indicated by the thin circles is distinguishable from a group of
vehicles running on the WET road surface, it is possible to determine whether the road surface on which the vehicle is
running is the DRY road surface or the WET road surface.

[0043] Similarly, also from the acceleration waveform obtained when running on the SNOW road surface or the ICE
road surface, it is possible to determine the distribution of feature amounts on the SNOW road surface or the distribution
of feature amounts on the ICE road surface.

[0044] The storage means 16 stores four road surface models for separating, by the discriminant function f(x) indicative
of a separation hyperplane, a DRY road surface from other road surfaces, a WET road surface from other road surfaces,
a SNOW road surface from other road surfaces, and an ICE road surface from other road surfaces, that have been
obtained in advance.

[0045] The road surface model is configured by a support vector machine (SVM), after obtaining a feature amount
Y a= (A, Oa, bqpa) calculated from time-series waveforms of the tire vibration, which are obtained by running a test vehicle
equipped with a tire having an acceleration sensor mounted therein, at various speeds on each of the DRY road surface,
WET road surface, SNOW road surface, and ICE road surface, taking Y, as learning data. Incidentally, the suffix A
indicates DRY, WET, SNOW, and ICE. Further, the feature amount in the vicinity of a discrimination boundary selected
by the SVM is called a road surface feature amount Y pgy,.

[0046] FIG. 7 is a conceptual diagram illustrating DRY road surface feature amount Ypgy, and road feature amount
Ynpsy Of road surfaces other than the DRY road surface. In FIG. 7, the DRY road surface is indicated by black dots,
and the road surfaces other than the DRY road surface are indicated by white dots. Incidentally, the number of feature
amounts in an actual input space is three, however, FIG. 7 is illustrated in two dimensions (transverse axis: p, vertical
axis: p,). The storage means 16 does not necessarily store all of Yp, Y,,, Yg, and Y,, and may store only Ypgy, Ywsy:
Yssy, and Yigy.

[0047] Linear separation of the discrimination boundaries of the groups is generally impossible. Therefore, with the
use of the kernel method, road surface feature vectors Ypgy and Y, pgy are mapped in a high-dimensional feature space
by non-linear mapping ¢ so as to perform non-linear classification for the road surface feature vectors Ypgy and Y, pgy
in the original input space.
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[0048] Specifically, by using aggregation of data X = (x4, Xy, ...... X,) and belonging class z = {1, -1}, an optimum
discriminant function f (x) = wT ¢(x)-b is obtained.

[0049] Here, the data are data of the DRY road surface having the road surface feature amount Yp and Y, and
whose belonging class z = 1 is indicated by X' in FIG. 7, and data of the road surfaces other than the DRY road surface
whose belonging class z = -1 is indicated by X2 in FIG. 7. Further, w is a weighting factor, b is a constant and f(x) =0 is
the discrimination boundary.

[0050] The discriminant function f(x) = wT @(x) - b is optimized, by using the Lagrange multiplier method, for example.
The optimization problem is replaced by the following equations (6) and (7).

[Math. 3]

maximize %Aa—%zﬁl Ayz,2g Blx,) Plag) »woee (6)

subject to 2 AoZ =0, A2 0 0

[0051] Here, o and B are indexes of learning data. A so, A is the Lagrange multiplier, where A > 0.

[0052] Atthistime, by replacing aninner product ¢(x,,) (p(XB) with the kernel function K(x,,, XB)’ the discriminant function
f(x) =wT @(x) - b can be non-linearized. The ¢(x,) ¢(xp) is the inner product obtained after mapping the (x,) and (xg) by
the map ¢ into a high-dimensional space.

The Lagrange multiplier & can be obtained using an optimization algorithm such as the steepest descent method, the
sequential minimal optimization (SMO) and the like. At this time, because the kernel function is used, it is unnecessary
to directly obtain a high-dimensional inner product. Accordingly, the time problem can be reduced remarkably.

[0053] In this example, as the kernel function K(x,, XB)’ the Gaussian kernel (RBF kernel) shown in the following
equation is used.

[Math. 4]

K (x, x )__ exp( H ;XB H ) ...... (8)

[0054] In order to distinguish between the DRY road surface and road surfaces other the than the DRY road surface,
it is possible to accurately distinguish between the DRY road surface and the road surfaces other than the DRY road
surface by giving a margin to the discrimination function f (x) which is the separation hyperplane that separates the DRY
road surface feature vector Y from the road surface feature vector Y of the road surfaces other the than the DRY
road surface. The margin refers to a distance from the separation hyperplane to the nearest sample (support vector),
and the separation hyperplane that is the discrimination boundary is f (x) = 0

[0055] Then, as illustrated in FIG. 7, the DRY road surface feature vector Y exists in the region of f (x) = +1, and the
road surface feature vector Y,, of the road surfaces other the than the DRY road surface is located in the region of f (x) = -1.
[0056] The DRY road surface model that distinguishes between the DRY road surface and the road surfaces other
than the DRY road surface is an input space including the support vector Ypgy located at the distance of f (x) = +1, and
the support vector Y,,pgy located at the distance of f (x) = -1. Ypgy and Y, pgy generally exist in a plurality of numbers.
[0057] The kernel function calculating means 17 calculates, from the feature amount X calculated by the feature
amount calculating means 15 and the respective support vectors Ypg\, Y\ysy: Yssy and Y,gy of the DRY model, WET
model, SNOW model and ICE model that are stored in the storage means 16.

[0058] The road surface condition determining means 18 determines a road surface condition on the basis of the
values of four discriminant functions fp (x), fyy (X), fg (x), and f; (x) using the kernel functions Kp (x, y), K, (X, ¥), Kg (X,
y) and K| (x, y), shown in the following equations (9) to (12).

[Math. 5]
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Nuwsv

f~2 A, 2w Ky (XY o) = by eveee(10)

Nssv
f —Z Ay, 25, Kg (X,Y,)~bg v (11)
Nisv
=a>3=1 A 2y Ky (XY ) —bp e (12)

where fy is the discriminant function that discriminates the DRY road surface from the other road surfaces, fy is the
discriminant function that discriminates the WET road surface from the other road surfaces, fs is the discriminant function
that discriminates the SNW road surface from the other road surfaces, and f, is the discriminant function that discriminates
the ICE road surface from the other road surfaces.

[0059] Further, Npgy is the number of support vectors of the DRY model, Nygy is the number of support vectors of
the WET model, Nggy is the number of support vectors of the SNOW model, and N;g\, is the number of support vectors
of the ICE model.

[0060] Values such as the Lagrange multiplier A of the discriminant function are obtained by the learning performed
in obtaining the discriminant function for discriminating the DRY surface and the other surfaces.

[0061] Inthis example, the respective discriminant functions fp, fw, fs and f, are calculated, and a road surface condition
is determined from a discriminant function that indicates the largest value of the calculated discriminant function fy.
[0062] Next, with respect to the method of discriminating a condition of a road surface on which the tire 20 is running,
an explanation is given using the road surface condition determination apparatus 10, by referring to the flowchart of FIG. 8.
[0063] First, a tire vibration generated by an input from the road surface R on which the tire 20 is running by the
acceleration sensor 11 is detected (step S10), and a time-series waveform of tire vibration is extracted from a signal of
the detected tire vibration (step S11).

[0064] Then, from the data of the extracted time-series waveform of tire vibration, a plurality of IMFs C, to C,, are
obtained (step S12) using the algorithm of EMD. After that, from these IMFs, lower numbers of first to third IMFs C, to
C,, are extracted and IMF C,, used for determination of the road surface condition is selected, and this IMF C, is set to
X (t) (step S13).

[0065] Next, Hilbert transform is performed on X,(t) to calculate an instantaneous frequency fi(t) and the maximum
value of an instantaneous amplitude a(t) at the zero point that is the feature data (step S14), then statistic amount is
calculated from the distribution of the instantaneous amplitude a,(t) to the instantaneous frequency f, (t) and the calculated
statistic amount is set to the feature amount X, (step S15). In this example, the statistic amount is set to an average p,,
a standard deviation o, and a skewness by,.

[0066] Next, the kernel function K, (X, Y) is obtained from the calculated feature amount X, and the support vector
Y 5 of the road surface model stored in the storage means 16 (step S 16). Here, the suffix A indicates DRY, WET, SNOW
and ICE.

[0067] Then, the four discriminant functions fp (x), fyy (x), fg (x), and f; (x) using the kernel functions Kx(x, y) are
calculated (step S17), and thereafter, values of the calculated discriminant functions f5(x) are compared to determine a
road surface condition of the discriminant function showing the largest value to be the road surface condition on which
the tire 20 is running (step S18).

[0068] FIG. 9 is a diagram illustrating comparison of road surface determination accuracies between the method
according to the exemplary embodiment of the present invention and a conventional method. In the conventional method,
a road surface is determined by using, as a feature amount, a vibration level of a specific frequency calculated from a
time-series waveform of a tire vibration and using a GA kernel. Apparent from FIG. 9, in the method according to the
exemplary embodiment, approximately 3% to 4% of the determination accuracy is increased compared to the conven-
tional method.

[0069] Further, as illustrated in FIG. 10, as a result of comparison between the method according to the exemplary
embodiment and the conventional method, a significant improvement has been attained, when comparing, using data
after extracting the feature, the time taken for the support vector machine learning for the same number of data (approx-
imately 3300 data). Therefore, it has been confirmed that, in the method according to the exemplary embodiment, the
amount of calculations has been remarkably reduced compared to the conventional method.

[0070] The present invention has been explained using the exemplary embodiment, however, the technical scope of
the present invention is not limited to the scope described in the above exemplary embodiment. It is apparent to those
skilled in the art that various modifications and improvements may be added to the exemplary embodiment. It is also
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apparent from the scope of the claims that embodiments with such modifications and improvements may also be included
within the technical scope of the present invention.

[0071] Forexample, inthe exemplary embodiment described above, the acceleration sensor 11 is used as tire vibration
detecting means, however, other vibration detecting means such as a pressure sensor may be used. In addition, with
respect to an installation location of the acceleration sensor 11, one sensor may be disposed at a position separated
for a certain distance in the tire width direction from the tire width direction center, or may be disposed at other location
such as in a block, for example. Further, the number of the acceleration sensor 11 is not limited to one, but may be
provided at a plurality of locations in the tire circumferential direction.

[0072] Further, in the embodiment described above, the first IMF C4 has been used as IMF for calculating the feature
amount, however, other IMFs may be used. Incidentally, as described above, for the road surface determination, it is
desirable to use an IMF of the lower number as an IMF for calculating the feature amount since it is necessary to focus
on a high-frequency component of the tire vibration.

[0073] Note that, in order to reduce the amount of calculations, it is sufficient to extract only IMF to be used and stop
the calculation. For example, in the case of using only the third IMF Cj, calculations for extracting the fourth IMF C, and
the subsequent IMFs may be omitted. Further, in the embodiments, the first IMFC as IMF 1 was used alone, a plurality
of IMF, by determining the road surface for each IMF, itis possible to improve the accuracy of the road surface determined.
[0074] Further, in the exemplary embodiment described above, the first IMF C, has been used as an IMF, however,
the accuracy of road surface determination may be improved by using a plurality of IMFs and perform the road surface
determination.

[0075] Furthermore, in the exemplary embodiment described above, as the feature amounts, the mean ., the standard
deviation ¢ and the skewness b, have been taken, however, other statistic amount such as a kurtosis b, may be further
added. Alternatively, a plurality of statistic amounts may be combined from among the mean p., the standard deviation
o, the skewness by, the kurtosis b, and so on.

[0076] Further, in the exemplary embodiment described above, although the statistic amount obtained from the dis-
tribution of the instantaneous frequency f(t) has been used as the feature amount, the statistic amount obtained from
the distribution of the instantaneous amplitude a(t) may be used.

[0077] Further, in the exemplary embodiment described above, the determination is made to determine that which
one of the DRY road surface, WET road surface, SNOW road surface and ICE road surface the tire 20 is running on.
However, in a case where the determination is made on two road surfaces such as DRY/WET, instead of using two
boundary lines, drawn by the support vector machine, of a boundary plane (DRY boundary plane) of the distribution of
the feature amounts of one of the road surface conditions and a boundary plane (WET boundary plane) of the distribution
of the feature amounts of the other one of the road surface conditions, if the road surface condition determination is
performed by using one boundary plane ((DRY-WET boundary plane) that separates one of the road surface conditions
from the other one of the road surface conditions, the accuracy of the road surface condition determination may be
further improved.

[0078] Conventionally, a boundary plane (hyperplane) of the distribution of support vectors (feature amounts) of DRY
road surface is almost the same with a plane whose discriminant function becomes fp = 0 that separates the DRY road
surface from the other road surfaces (WET road surface, SNOW road surface and ICE road surface), and a boundary
plane of the distribution of support vectors (feature amounts) of WET road surface is almost the same with a plane whose
discriminant function becomes f,,, = 0 that separates the WET road surface from the other road surfaces. For this reason,
the road surface determination for two road surfaces of DRY/WET has been performed by using two boundary lines of
a boundary plane fp = 0 for determining the DRY road surface, which is indicated by a dotted line in FIG. 11A and a
boundary plane f,y, = 0 for determining the WET road surface, which is indicated by a broken line in FIG. 11A.

[0079] Therefore, as illustrated in FIG. 11B, by determining the boundary plane to be a boundary plane fp, = 0 of the
support vector of the DRY road surface and the support vector of the WET road surface, the boundary planes are made
to be a single boundary plane. As a result, the accuracy of the two road surface conditions of DRY/WET has been further
improved.

[0080] Incidentally, it goes without saying that, for the determination of other two road surfaces such as DRY/SNOW,
DRY/ICE or WET/SNOW, when the boundary planes are made single, the accuracy of the two road surface conditions
is further improved.

[Example]

[0081] The support vector of the DRY road surface and the support vector of the WET road surface were determined
by the machine learning (SVM) using, as learning data, road surface data that have been obtained in advance and that
are feature amounts of respective time windows calculated from time-series waveforms of tire vibrations when running
on the DRY road surface and the WET road surface.

[0082] Specifically, as shown in Table 1 below, the used road surface data were divided into data for training (Train)
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and data for testing (Test), to determine support vectors of the DRY road surface and support vectors of the WET road
surface. Thereafter, a boundary plane between the DRY road surface and the WET road surface was obtained. At this
time, hyper parameters C and o of the support vector machine were employed such that values of the hyper parameters
C and o become maximum in terms of the accuracy under respective conditions. At this time, the numbers of the support
vectors were five.

[Table 1]
Data Train Test
DRY | 2130 1071
WET | 694 346

[0083] FIG. 12 is a graph illustrating comparison of the accuracy of determination of the DRY/WET road surfaces
when the boundary plane is made single, and the accuracy of determination of the DRY/WET road surfaces when two
boundary planes were used in the conventional method.

[0084] As illustrated in FIG. 12, since the determination accuracy was improved about 3% in the case where the
boundary plane was made single, it has been confirmed that, by making the boundary planes single, the accuracy of
the determination for two road surfaces of the DRY/WET road surfaces is improved.

[0085] Although the present invention has been described using the exemplary embodiment, the present invention
can also be described as follows. That is, the present invention provides a method of determining a condition of a road
surface being in contact with a tire from a time-varying waveform of vibration of the running tire, the time-varying waveform
of vibration having been detected by a vibration detecting means. The method includes: a step of detecting the time-
varying waveform of vibration of the tire; a step of acquiring a plurality of natural vibration modes, from data of the time-
varying waveform, using an algorithm of empirical mode decomposition; a step of selecting and extracting an arbitrary
natural vibration mode from the plurality of natural vibration modes; a step of calculating feature data by performing
Hilbert transform on the extracted intrinsic vibration mode; a step of calculating a feature amount from a distribution of
the feature data; and a step of determining the road surface condition from the calculated feature amount and a feature
amount obtained in advance for each road surface condition, in which the feature amount is a statistic amount such as
a mean, a standard deviation, a skewness and a kurtosis of the distribution of the feature data.

[0086] As described above, since the amount of calculations can be remarkably reduced by setting the feature amount
extracted from the time-changing waveform of the tire vibration to the statistic amount that is not dependent on the time,
it is possible to determine the road surface condition quickly and accurately.

[0087] Incidentally, the feature amount of each of the road surface conditions is obtained by the machine learning
(SVM) using, as learning data, the feature amount of each time window calculated from the time-series waveform of the
tire vibration obtained in advance for each of the road surface conditions.

[0088] Further, in the step of determining the road surface condition, a Gaussian kernel function is calculated from
the calculated feature amount and the feature amounts having been obtained in advance for each of the road surface
conditions, and thereafter the road surface condition is determined from a value of discriminant function using the
calculated Gaussian kernel function. Therefore, the amount of calculations can surely be reduced.

[0089] Moreover, in a case where the road surface determination is performed for two road surfaces, in stead of two
boundary planes of a boundary plane of distribution of feature amounts of one of the road surface conditions and a
boundary plane of distribution of feature amounts of the other one of the road surface conditions, the road surface
condition is determined using one boundary plane that is drawn by a support vector machine and that separates the
one of road surface conditions from the other one of the road surface conditions. Therefore, the accuracy of the road
surface condition determination is further improved.

[0090] Further, the present invention provides a road surface condition determination apparatus for determining a
condition of a road surface being in contact with a tire. The apparatus includes: a vibration detecting means that is
attached to the tire and that detects a time-varying waveform of vibration of the running tire; an intrinsic vibration mode
extracting means that acquires a plurality of intrinsic vibration modes, from the time-varying waveform, using an algorithm
of empirical mode decomposition, and extracting an arbitrary intrinsic vibration mode from the acquired plurality of intrinsic
vibration modes; a feature data calculating means that calculates feature data by performing Hilbert transform on the
extracted intrinsic vibration mode; a feature amount calculating means that calculates a feature amount from a distribution
of the feature data; a storage means that stores the feature amount calculated using the time-varying waveform of the
vibration having been obtained in advance for each road surface condition; a kernel function calculating means that
calculates a Gaussian kernel function from the calculated feature amount and the feature amount having been obtained
in advance for each road surface condition; and a road surface condition determining means that determines the road
surface condition from a value of discriminant function using the calculated Gaussian kernel function, in which the feature
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amount is a statistic amount such as a mean, a standard deviation, a skewness and a kurtosis of distribution of the
feature data, and in which the road surface condition determining means compares values of discriminant functions
obtained for respective road surface conditions so as to determine the road surface condition.

[0091] With the use of the road surface condition determination apparatus having the above-mentioned configuration,
the amount of calculations can be greatly reduced, and the road surface condition can be determined quickly and
accurately.

[0092] Instead of the Gaussian kernel function, it is also possible to use a polynomial kernel function, an undefined
value kernel function such as a Laplace kernel function.

REFERENCE SIGN LIST

[0093] 10: Road surface condition determination apparatus, 11: Acceleration sensor, 12: Vibration waveform detecting
means, 13: Intrinsic vibration mode extracting means, 14: Feature data calculating means, 15: Feature amount calculating
means, 16: Storage unit, 17: Kernel function calculating means, 18: Road surface condition determining means, 20:
Tire, 21: Inner liner portion, 22: Tire air chamber, and R: Road surface.

Claims

1. A method of determining a condition of a road surface being in contact with a tire from a time-varying waveform of
vibration of the running tire, the time-varying waveform of vibration having been detected by a vibration detecting
means, the method comprising:

a step of detecting the time-varying waveform of the vibration of the tire;

a step of acquiring a plurality of intrinsic vibration modes, from data of the time-varying waveform, using an
algorithm of empirical mode decomposition;

a step of selecting and extracting an arbitrary natural vibration mode from the plurality of intrinsic vibration modes;
a step of calculating feature data by performing Hilbert transform on the extracted intrinsic vibration mode;

a step of calculating a feature amount from a distribution of the feature data; and

a step of determining the road surface condition from the calculated feature amount and a feature amount
obtained in advance for each road surface condition,

wherein the feature amount is a statistic amount of the distribution of the feature data.

2. The method according to Claim 1, wherein the feature data are either one of or both of an instantaneous frequency
and an instantaneous amplitude.

3. Themethod according to Claim 1 or 2, wherein, the step of determining the road surface condition includes calculating
a Gaussian kernel function from the calculated feature amount and the feature amount obtained in advance for each
road surface condition, and thereafter determining the road surface condition from a value of a discriminant function
using the calculated Gaussian kernel function.

4. Themethodaccordingto Claim 1 or 2, wherein, the step of determining the road surface condition includes calculating
a polynomial kernel function or a Laplace kernel function from the calculated feature amount and the feature amount
having been-obtained in advance for each road surface condition, and thereafter determining the road surface
condition from a value of a discriminant function using the calculated kernel function.

5. The method according to any one of Claims 1 to 3, wherein, in a case where the road surface determination is
performed for two road surfaces, in stead of two boundary planes of a boundary plane of a distribution of feature
amounts of one of the road surface conditions and a boundary plane of a distribution of feature amounts of the other
one of the road surface conditions, the road surface condition is determined using one boundary plane that is drawn
by a support vector machine and that separates the one of road surface conditions from the other one of the road
surface conditions.

6. Aroad surface condition determination apparatus for determining a condition of a road surface being in contact with
a tire, the apparatus comprising:

a vibration detecting means that is attached to the tire and that detects a time-varying waveform of vibration of
the running tire;

10
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an intrinsic vibration mode extracting means that acquires a plurality of intrinsic vibration modes, from the time-
varying waveform, using an algorithm of empirical mode decomposition, and extracting an arbitrary intrinsic
vibration mode from the acquired plurality of intrinsic vibration modes;

a feature data calculating means that calculates feature data by performing Hilbert transform on the extracted
intrinsic vibration mode;

a feature amount calculating means that calculates a feature amount from a distribution of the feature data;

a storage means that stores the feature amount calculated using the time-varying waveform of the vibration
having been obtained in advance for each road surface condition;

a kernel function calculating means that calculates a Gaussian kernel function from the calculated feature
amount and the feature amount having been obtained in advance for each road surface condition; and

a road surface condition determining means that determines the road surface condition from a value of discri-
minant function using the calculated Gaussian kernel function,

wherein the feature amount is a statistic amount of distribution of the feature data, and

wherein the road surface condition determining means compares values of discriminant functions obtained for
respective road surface conditions so as to determine the road surface condition.

1"
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