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y - 7 The present invention relates to determining pressure of a
pneumatic tire mounted on a vehicle. It also relates to measuring

vehicie velocity.

Pneumatic tires for carrying vehicles should be maintained at
the proper pressure in order to achieve optimum conditions for either
safety, comfort, road handling, fuel'economy( and longer tire wear, or
combinations thereof.

An under-inflated tire primarily bears its load at the
shoulders of the tread, in which case its road-engagement pattern is
somewhat concave between those shoulders. Under such conditions
continued use of the tire over the road causes excessive wear at the
shoulders, because an appropriate frictional contact in the central
portion is not maintained. This results in less than normal lifetime
and obviously uneven wear. Alternatively, an over-inflated tire
sustains considerable wear in the central tread area between the
shoulders, and less-than-normal wear at the shoulder portions. Either
situation results in wastefulness, since the total potential of the
tire is not being used. In other instances, there is a greater
tendency to skid or slide. In addition, undue stresses and strains,
particularly in the instance of under-inflation, are applied to the
sidewalls of the tire carcass, causing it to deteriorate before its
time.

Tire manufacturers provide specifications for the operation
of tires. Automobile manufacturers also specify tire inflation
characteristics. However, both of these specifications, even if
followed religiously, do not necessarily mean that the tire-operating
condition is particularly correct for that tire on that vehicle. The
ideal conditions, therefore, will be seen to exist when the air
pressure in the particular tire is just sufficient to produce full
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tire pressdre.. The sane system neasures vehicle vel oc-

~for carrying vehi

road-engagement contact across_the entire width of the tread, so that
the weight of the car is borne egually in the road-engagement area
between the shoulders and across the central portion of the tire.
Under such circumstances the tire tread will wear evenly, and the
tread life and maximum safety results from maximum gripping or fric-
tion of the tire on the roadway.

In the past, vehicle operators or gas station attendants have
to some degree relied on visual inspection of the tire under a load to
appraise inflation. A tire wearing too much at the shoulders becomes
bald therearound due to the under-inflation of the tire. However,
when the bald condition is wvisible or observable, it may already be
too late to do much to rectify the situation. Contrariwise, the
over-inflated tire bears the load in the mid-portion of the tread
where wear rapidly occurs due to the fact that the share of the load
being borne by the particular tire is distributed over too small a
central road-engagement area at the tread, whereupon a bald strip soon
appears around the casing. When such a situation is to be appraised
visually, there is likely to have been such excessive mid-tread wear
that the casing may have nearly 1lived out its operating life. oOf
course, such determinations are affected by differences in the load
borne by a tire. For example, where a vehicle is operated normally
with a driver and one passenger, one condition exists. When it is
caused to bear two or three extra passengers and, possibly, luggage
and other loads, the conditions change markedly, and an adjustment in
tire pressure should be made.

Alternatively, the operator of a vehicle may desire a softer,
more cushioned ride attendant to under-inflation. Or the operator may
desire to over-inflate the tires to achieve more responsive steering
and increased fuel economy in operating the wehicle. This invention
provides a means to indicate any inflation condition.

‘In the prior art the US Patent 3,973,436 (August 10, 1976) of
G. H. Lenderman discloses a tire inflation appraisal apparatus con-

ity. Pneumatic tires

Chigghe elaged n- tained at the proper pressure in
order to achieve o ions for either safety, confort, road han-
dling, fuel econo il i re wear ,2 or conbi na-
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tions thereof. An under-inflated tire primarily bears its load at the
shoul ders of t THes Sheet Hes BeemRephitadh case its road-engage- nment pattern is

somewhat concav shoul ders. Under such conditions continued
use of the tire causes excéssi ve wear at the shoul des,
sisting of a linear array of spring loaded lever arms proposed to
detect and amplify the profile shape of a tire resting on the array.
An operator is required outside the vehicle to observe the visual

pattern formed by the ends of the tilted levers. The present inven-
tion yields several improvements over the Lenderman concept: the data
can be acquired whether the vehicle is in motion or not; the sensing
means is more accurate; human involvement and Jjudgment are not
required; the raw data is collected as electrical signals which are
well suited for data processing and extraction of informational
content using a digital computer; advanced pattern recognition method-
ology can be employed, e.g., a neural network that can be conveniently
trained and used to interpret the readings. Vehicle velocity can be
measured concomitantly with tire inflation. The display of the read
out pattern is more convenient, e.g., as graphic and alphanumerics on
a computer driven display screen or as a printed report. The data
processing feature of this invention is particularly important as the
pattern generated by the raw data is often complex and its meaning
recondite.

According to the invention from one aspect there is provided
a system for determining the pressure of a pneumatic vehicular tire
while mounted on the wheel of a vehicle and/or the velocity of the

vehicle, comprising:

a. an array of load sensors arranged to provide a pattern of
the force distribution data exerted by said tire in contact with said
sensors along a line across the width of said tire; and

b. a computer which is programmed to determine said tire
pressure and/or velocity from said force distribution data.

According to the invention from another aspect there is
provided a method of determining the pressure of a pneumatic vehicular
tire while mounted on the wheel of a vehicle and/or the velocity of
the vehicle, comprising:
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because an:z appf opr.i r ctlonal contact in the central portion is not

mai t ai ned. This a t¥han nor- mal lifetine and obvi ously uneven
wear. Alternativel Iated tire sustains considerable wear in
the central tread he shoutders, and | ess-than- nornmal wear at

t he shoul der portions. Elther situation

a. providing a pattern of the force distribution data
exerted by the tire in contact with an array of load sensors along a
line across the width of said tire; and

b. determining said tire pressure and/or velocity from said
force distribution data.

The present invention provides a system that can indicate the
pressure of a pneumatic tire conveniently and quickly. Another
objective is to determine the goodness of road contact, as a guide to
determining appropriate tire pressure. The analysis is substantially
independent of the make or model of the tire or vehicle. The deter-
mined pressure can then be displayed, for example, on a screen or in
printed form. The screen may be electronic such as a cathode ray
tube.

The tire pressure may be determined by a decomposition method
(see Example 3). The tire pressure may also be determined by an
analysis technique referred to as .pseudopressure (see Example 4).
Finally, the tire pressure may be determined by the system using
neural networks (see Examples 5 and 6).

The invention will be better understood by referring, by way
of example, to the following drawings, wherein :-

Figure 1 shows a tire sensor for the driveway.

Figure 2(a) shows a perspective view of an experimental
linear array of load cell sensors.

Figure 2(b) shows a cross-sectional view of the load sensors
of Figure 2(a).

Figure 3 shows how tire shape and contact pressure are
related to tire inflation pressure.
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results in wasteful ness, since the total potential of the tire is not being
used. | n ot herryisRed-pMEBSen Replie® iS a greater tendency to skid or slide. In

addi tion, undue strains, particularly in the instance of
under- inflatio . to the si-<déwalls of the tire carcass, causing

it to deteriora time.

Figure 3(a) shows overinflation and Figure 3(b) shows under-
inflation.

Figure 4 shows the contact force distribution for data of
Table 1.

Figure 5 shows the symmetrical component of the force distri-
butions of Figure 4.

Figure 6(a) shows a schematic illustration of tire footprint
illustrating strips having width w of the load cell sensors. X is the
direction of vehicle motion.

Figure 6(b) shows an illustration of square-wave contact-
pressure distribution along a strip of length L. & is length of

sensor face.

Figqure 6(c) shows an illustration of trapezoidal contact
pressure distribution due to sampling by the finite size sensor.

Figures 7(a-c) show the dynamically acquired tire-footprint-
forces with tire pressure of 29 psi (Mercury Topaz). Figure 7(a)
shows an axonometric side view. Figure 7(b) shows an axonometric
rotated view. Figure 7(c) shows a contour plot.

Figures 8(a-c) show a dynamically acquired tire-footprint-
forces with tire pressure of 25 psi (Mercury Topaz). Figure 8(a)
shows an axonometric side view. Figure 8(b) shows an axonometric

rotated. Figure 8(c) shows a contour plot.

Figure 9 shows the pseudopressure determined from dynamic

footprint measurements vs. tire pressure.

Figure 10 shows a neural network to determine tire inflation.
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Ti re manufacturers—provide specificatons for the operation of tires.
Aut onobi | e mmuf acturers al so spec- ify tire inflation characteristics.

However, both is ions, even if followed religiously, do not
nec- essarily i re-operattT®~condition is partic- ularly
correct for that vehi cl e. The idea

Figure 11 shows a neural network performance in recognizing
experimental tire inflation (recall of 38 training sets).

Figure 12 shows neural network performance for the input data
in Example 6.

The tire provides input to the sensors which provide data to
the computer which processes the data to provide an output pressure.
Although the data may be imperfect (as will be explained below), a
reliable output is desired. The system to be described below closely

achieves that reliable output.

The present system will preferably be operated on the
premises of a gasoline service station, e.g., in a driveway adjacent
to a gasoline service pump. The sensors will typically be located in
the driveway area (Figure 1). The sensors may be embedded in the
driveway (Figure 2). Using flat detectors such as piezoelectric or

piezoresistive polymer film the sensors may be embedded in a thin mat.

Figures 22 and 2B show diagrams of the sensors embedded in
the driveway. Figure 2A is a perspective view and Figure 2B is a
cross-sectional view. The sensors 2 are located in a pit liner 4
embedded in the driveway 10. The sensitive area 6 of the sensors 2 is
covered by an elastomeric layer 8. The vehicle motion is in the
direction of the arrow 12.

Figure 3a shows the profile tendency of a tire that, is
overinflated. Figure 3b shows the profile tendency of a tire that is
under-inflated. At proper inflation to provide maximum traction it is
believed that the tire should be in uniform force contact with the
horizontal all across the profile.

Example 1. Influence of tire pressure on force distribution
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condi tions; therefore, Wil be seen to exist when the air pressure in the

particular tire is t. suffiche to pro- duce full road-engagenent

Lus
contact across t A& Has Been of the tread, so that the weight of the car
i's borne equally i agerment “area between the shoul - ders and
across the central e tire. Under

A sensor array was fabricated incorporating eight strain gage
load cells arranged in a linear array and installed in a driveway pit
as depicted in Pigure 2. The load cells used were the Model SP single
point compression type obtained from Sensotec, Columbus, Ohio. Load
is applied over the horizontal 1-7/16 inch by 1~5/32 inch face of a
cantilevered aluminum beam fitted with a foil strain gage that is
temperature compensated from 30°F to 130°F. Non-linearity stated by
the manufacturer is * 0.03% of full scale reading. The full scale
rating is 100 1lb. with 50% overload permissible. Manual readout of
the force detected by any one of the sensors was accomplished, when
desired, using the Model SA-10 multi-channel electronic package
supplied by the same manufacturer. The same package supplied 10 volt
DC excitation to the load cells. Dead weights of 50 and 100 lbs. were
used to check the calibration of the individual load cells from time
to time.

The cantilevered beams were mounted in alternating staggered_
fashion so that the load cell faces were located contiguously with
approximately 1/16 inch spacing, the 1-7/16 inch dimension defining
the length of the sensor face along the direction of vehicular motion,
and with the 1-5/32 inch dimension oriented along the transverse
direction of a tire. The total width of the sensor array measured_
about 9-3/4 inches.

Tests were conducted using a three door 1985 Saab Turbo
passenger vehicle equipped with Pirelli 195/60/R15 tires on the front
wheels. In these tests the load cells were mounted nominally flush
with the driveway. Figure 4 displays the resultant distribution of
forces for tests in which tire pressure was set at 12, 20, 29, 33 and
38 psi. These data are tabulated in Table 1. The vehicle manufactur-
er's recommended inflation pressure is 27 to 29 psi.
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such circumstances the tire tread will wear evenly, and the tread life and
maxi num saf ety fimssheet H2 Wﬁml mum gri pping or friction of the-tire on

the roadway. “ “ - 8-

Contact Force Distribution of Pirelli 185/60 R15
ial Tire at Various Tire Inflation Pressures

Table 1

Units of Force (1b.)

Sensor Tire Inflation Pressure S

Number iz 20 28 3 38
1 0 (] 0 0 0
2 63.7 79.6 86.3 83.8 79.9
3 32.1 56.9 77.2 87.7 98.0
4 28.2 55.9 78.9 92.0 105.1
5 41.0 63.7 83.2 93.7 103.9
6 68.4 8s.8 102.9 108.2 112.9
7 o 0 0 0 0
8 0 0 0 0 Q

From Figure 4 it can be seen that contact force of the
under-inflated tire (12 psi or 20 psi) is minimum at the center. At a
normal tire inflation pressure (29 psi) the forces tend to be more
uniformly distributed over the sensors. The overinflated tire (33 psi
or 38 psi) presents a more complex pattern, suggestive with the
idealization of an overinflated tire. )

It will be appreciated that noise sources are present that
tend to scatter the sensed force values. These include: sensor
offset and scale factor variations, incommensurability of tire width
and sensors width, variation in position of tire relative to the
sensors (phasing), and variation of tread pattern in contact with the
sensors, e.g., due to tire angular displacement. Example 2 illus-
trates the reduction of noise by filtration of the signals.

Example 2. Filtration to reduce noise

Consider the case when tread gaps in the tire are smaller in
scale than the dimension of the sensor faces and accordingly are a
source of high spatial freduency noise that tends to degrade the
information contained in the sensed force distribution. This example
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REPLACENMENT SHEET 2 I.n the past vehi cl e operators or gas station
attendants have dyelied on visual I nspection of the tire
under a | oad tﬁL H tion. Atire wearing too much at the
shoul ders beco ound -9-

illustrates the reduction of said noise using Fourier filtration and
is a preliminary to Example 3.

Thus, the discrete force values in the distributions of
Example 1 will be decomposed into harmonic components using the
discrete Fourier transform. See, for example, Bracewell, R., "The
Fourier Transform and its Applications®, 2nd Edn., 1978, McGraw-Hill,
Inc., New York, Chapter 18.

General expressions for the transform and its inverse can b
written in matrix form as follows:

tE=We i (1)

f=Ve = (2)

where £ is the vector of forces detected by the array of sensors,
= N3 where N is the number of sensors in forceful contact with the

tire, and tf is the discrete Fourier transform of f. The matrices W

and V are defined in terms of w, the Nth root of unity. '

w = exp(2ri/N) (3)
where i is the square root of minus one.

wiek 3

Wj'k 0,1,2,..-, N-1 (4)

~
|

w-j.k = 09112'0001 N-1 (5)

Vi k

For the data of Example 1, N has the numerical wvalue of 5. The
corresponding force vectors may be written as follows:
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due to the under-l of the tire. However, when the bald condition is

vi sible or 0b§ervab|e edﬂ" ready be too Iate to do nuch to rectify -
t he situatlon the over-inflated tire bears the load in the
m d- portion of wear rapiyy y-occurs due to the fact that the
share of the Io by the
‘2 @ o & a
o -] n o} ™
~ o =) o -
-t g ] -y
| !
4
in
L
] i
<] ™~ o ™~ N
m N N Mm@
@ (] o o o
(o]
] !
L}
T
L
] !
TN % 8 9
O ™~ [ m N
(] ™~ ~ @ o
(o)
| !
i
)
W«
] ]
> % % % 9
[+ 13 "y m o
I 7] n -] Q'
[
)
L
] !
T T 9% ¢ =
™M ™~ K [nd ]
'\D L] ™~ < c'
1
-
-

THIS SHEET HAS BEEN
REPLACED




particular tire is distributed over too small a central road-engagenment

area at the treadss a¢5d| d strip soon appears around the casing.
When such a S|tua e appralsed visually, there is likely to
have been such ex ead weal” that the casing may have nearly
lived out its operating life. course, such

Transformation of the forces using Eq. 1 results in the following

spectra:
N 104.38 - 154.736
17.339 - 18.804i 12.614 - 16.0861
tell) = 1.689 - 4.098i tg(2) = | -0.986 - 5.3571
1.689 + 4.098i ' -0.986 + 5.3574
_ 17.339 + 18.8041_|. _12.614 + 16.086i_
- 191.631 - 208.133
4.835 - 12.061i -2.638 - 9.1661
tg(3) = | -4.185 - 4.927i tg(4) = | -7.738 - 4.6661
-4.165 + 4.927i -7.738 + 4.6661
_ 4.835 + 12.061i_ _~2.638 + 9.166i_
- 223.517
-10.739 - 6.022i
te(5) = | -11.689 - 4.427i
-11.689 + 4.4271
_~10.739 + 6.022i_ (7)

In the above spectra, the real valued amplitude represents mean force,
the next component specifies amplitude and phase of the first
harmonic, and the middle component specifies amplitude and phase of
the second, or highest harmonic. The last components are complex
conjugate to the first and second components. It will be supposed
that the highest harmonic is the most representative of noise and can
be beneficially filtered. Setting these coefficients to zero the

- spectra then become:
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detrm naticons are affected by differences in the | oad borne by a tire. For

exanpl e, whergisanhsechisBea Replagsper - ated normally with a driver and one
is caused to bear two or three

passenger, one
extra passengelun

change mar kedl

tf(l) =

tf(3) =

tf(S) =

ts. VWhen it

y, luggageldand ot her | oads,

adjustnment in

17.33¢

17.339

4.835

4,835

-10.739

-~10.739

+

104.38

18.8041

18.804i_

191.631

12.0611

12.061i_

223.517

6.0221i

6.0221_

tf(Z) =

12.614

~12.614

-2.638

——-2.638

the conditions

154.736
- 16.0861
0
0

+ 16.0861_

208.133
- 9.1661
0

0

+ 9.1686841_

(8)

The above low pass spectra may be inverted using Eq. 2 to yield the

filtered force data.

With a redefinition of symbols these are:
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tire pressure_should b de. ternatively, the operator of a vehicle may
desire a sof t &pis Phgetaa (U ride attendant to under-inflation. O the -
operator may d il nfl ate t-heg 3i+es to achieve nore responsive
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vi des a neans il AR RaMadedf | ation condition. In the prior art the

U S. Pat. No. 10 1976) of G H Lendernman discloses atire
i nflation appral ‘ ﬂl[w consisting of a linear array of spring |oaded
| ever arms propo

resting on the array. An operator

and anpl +f34 tthe profile shape of a tire

The data, having now been filtered, are in better condition
to be decomposed into a measure of inflation. A particular technique
to achieve the decomposition is illustrated in the following example.

Example 3. Decomposition yielding a graphical
measure of inflation

The footprint of a new or uniformly worn tire is assumed to
be symmetric about its center line. Any deviation from symmetry may
be regarded as an extraneous component of the signal. Any distribu~
tion (represented by vector) f having N components fi where i =
0,1,2,...(N~-1) can be decomposed into the sum of a symmetrical or even
part fe an an unsymmetrical or odd part fo as follows:

f = fe + fo (10)
where
1
fe, = S (£,+ £, . 1) (11)
fo, = % (£.,- £ ) (12)
i 2 i N=-1-1i

This decomposition is valid whether N is an even or odd integer. The
even part fe is associated with tire inflation. The filtered data,

Egqs. 9 of Example 2 when decomposed yield the following even and odd
component vectors.

o v vy
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I's required to observe the visual pattern fornmed by the
ends of the tiIted Ievers The preseg% i nvention yields several
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not required;, the dhavasldla Replaskal | ected as el ectrical sig- nals which are

well suited for and ex- traction of infornmational content
using a digital HMI'M%EME _ (
enpl oyed, eg., a t t hat canl®e conve- niently trained and used

anced pattern recognition nethodol ogy can be

to interpret the readings. Vehi-"

Figure 5 shows that the individual even curves are well
ordered with the tire inflation pressure as parameter. The deviation
from flatness of the curves in Figure 5 provides a measure of the

goodness of road contact.
Mean contact pressure seudopresgsure

Highway engineers commonly assume that the contact pressure
over the footprint of a tire is uniform and equal in magnitude to the
inflation pressure of the tire (K. Marshek et al, "Experimental
Determination of Pressure Distribution of Truck Tire-Pavement
Contact," Transportation Record 1070, pp. 9-14, 1987). The actual
pressure distribution deviates considerably from the uniform pressure
model. While a planar array of force sensors provides a means to
measure the distribution of forces statically or dynamically, i.e.,
with the tire at rest and in contact with the planar array or as the
vehicle moves over the array, in the following we discuss the use of a
linear array. Two dimensional arrays may also be used. However, a
linear array should be more economical to provide. The linear array
of load cells provides a means to measure the distribution of contact

pressure in real time as a vehicle passes over the array.

Thus, when a vehicle passes over a linear array each sensor
in the array experiences a time-varying applied force. The time
dependent data can be used as discussed below to compute a mean
contact pressure or pseudopressure. The pseudopressure may be used by
itself or in combination with other measures to infer the tire infla-
tion pressure.

Figure 6c illustrates schematically the time dependence of
force, F(t), anticipated for a given sensor for a vehicle moving at
velocity v if the actual contact pressure is uniformly distributed as
shown in Figure 6b. The time trace is trapezoidal shaped having a
plateau region of nearly constant force with sides that ramp up and
Gown. (Refer to Figures 7a,b and 8a,b for examples of experimental
time traces.) Thus, because the sensor has a finite length £ along

REPLAGED
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3 cle velocCity CRsShest 8nconitant|y with tire inflation. The
display of the re I“H |s nor e
- 17 -

the direction of vehicle motion a duration of time of magnitude £/v is

required for the tire to cover or uncover a sensor.

Because contact pressure at a point varies drastically within
a footprint, and disappears in regions of tread gap, we consider a
local contact pressure Pp defined as the total force on an area having

the size and shape of a sensor face, divided by that area. Thus,

Pe = 5'%1 (14)

where w is sensor width and £ is sensor length. At a given instant of
time the pseudopressure, denoted as Pg is given by

Tota% force
Ps Total area (15)

Total force = ) [ PodA | (16)

where

Total area = ) f da (17

in which dA = wdx where x is distance along the vehicle path of
motion, assumed perpendicular to the linear array, and the summation
is taken over the number of sensors contacted by the footprint.

Substituting in (16) for P; using (14) and introducing dx = vdt gives

Total force = z % f F(t)dt (18)
Likewise,
Total footprint area = w } dx

= w Z L
wv )ty (19)

where L is the local length of the footprint section at a given sensor
position, and t3 is the corresponding time duration of passage.
Substituting (18) and (19) into (15) and canceling the common factor v

gives a result that is independent of the vehicle velocity v.
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conveni ent, e. ., as graphic and al phanunerics on a conputer driven display
screen or ‘T ﬁiﬂmﬁ!dlkep]aaﬁt The data processing feature of this

i nvention is i nportant as the pattern generated by the raw
ts meani ng=rd8ondite. SUVMARY OF THE PRESENT

data is ofte
| NVENTI ON
_Z [ r(t)dt 20
Ps wkZI tl (20)
The transformation dx = vdt employed above represents a simplifying
assumption. In fact, the portion of tread that initially contacts a
sensor face remains in place while the loading changes with time. 1In
the special case that the tire is treadless the relationship becomes

exact.

Equation (20) expresses Pg exclusively in terms of measurable
parameters. Selection of time t3, rather than time t2 (refer to
Figure 6c) for use in the equation constitutes an important feature.
Time t; measures the duration of time from the instant the tire first
contacts the sensor to the time at which the tire first begins to 1lift

off the sensor.

The velocity during the interval of time when the tire comes
off the sensor can be acquired. Referring to Figure 6c, extraction of
the time duration ta-t; permits vehicle velocity v to be determined
from the Xknown length £ of a sensor using the relationship

= &/(t2-t31). The difference of velocities together with the known
time interval between acquiring the velocities can be used to compute
the vehicle acceleration or deceleration and, if desired, to estimate
a correction to the measured forces using Newton's laws of mechanics.
The correction to measured force can be considerable, even at driveway
speeds, e.g., if a driver suddenly applies the brakes. The corrected
forces can be used in any of the modes of data reduction disclosed in
this patent application. Alternatively, it may be desired to simply
detect the presence of excess acceleration or deceleration, recognize
that the prediction will be adversely affected, and accordingly reject
the measurement.

As discussed, the sensor array disclosed herein permits
velocity to be determined based on the time duration of signal as a
vehicle covers or uncovers a sensor of the array. Table 2 lists
values of vehicle velocity determined by the above technique.
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The present invention is a systemthat will indicate the pressure of a
pneumatic tire @Bﬁﬂﬁakﬁwﬂéﬁﬂh@n&Mquickly Anot her objective is to determ ne

t he goodness of ehicle velocity can al so be detected and
i ndi cated. The ng “ﬂ an array &% 4 oad sensors that provides a
pattern of the f

Table 2

Experimental Values of Vehicle Velocity Sensed From
Transient Force Data (Sensor Length of 1-7/16 inch

Tire Pressure Velocity (fps)
Vehicle (psi) Oon off
Saab 12 3.32 3.37
Saab 28 4.33 4.33
Saab 38 3.27 3.45
Pontiac 12 4.585 4.69
Pontiac 29 4.66 4,99
Pontiac 38 3.88 4.39

The next example illustrates the application of Eg. (20)
using test data.

Example 4. Dynamic measurement of footprint forces and

the extraction of pseudopressure

The sensor array and readout of Example 1 was automated with
a digital data logging system consisting of a LeCroy Model 8212A
waveform digitizer with Model 8800A 32K by 12-bit memory having a
maximum sampling rate of 100 kHz on one active channel and up to 5 kHz
simultaneous sampling on 32 channels. The acquired data was trans-
mitted via a Model 8501 GPIB Instrument Controller to a Compaq 386SX
computer equipped with an Intel 80287 math coprocessor, a 40 Mbyte
hard disk drive, and Asyst software from which waterfall, axonometric,
and contour plots could be computed and displayed.

Figure 7 illustrates the dynamically-acquired tire-footprint
force-distribution for a tire of normal inflation. In the axonometric
plots, force (in arbitrary units) is represented on the vertical axis
and time (in arbitrary units) is represented on a horizontal axis for
each of the eight sensor channels. The appearance of the contour plot
in Figure 7(c) is very typical of a normally inflated tire (one peak
or bull's-eye pattern). Figure 8 displays corresponding plots for an
underinflated tire. <The pattern of twin peaks (catseyes) is very
typical of an underinflated tire.
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exerted by
tire along

a | i nmm
lyzed b H M’Im
anal yze ysai (SZH

The anal ysi
or vehicle.

is progranmed to detemine the tire pressure.
i ndependen®20 of the make or nodel of the tire
The determ ned pressure is

t hernds s 125 BEm ynear array of sensors in contact with the
' E]z’iif\fﬁidth of the tire. The force distribution is

Table 3 compares the sensor force readings chahnel by channel
for data acquired statically (vehicle at rest on the sensors) versus
data acquired dynamically (vehicle passing over the sensors). It can
be seen that the readings are comparable for a given tire pressure
regardless of whether the vehicle is at rest or in motion (at approxi-
mately constant velocity).

From the above it is apparent that tire footprint data can be
acquired even though the vehicle is in motion.
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by an anal y3higS eplistdor ed t 0 as pseudopressure (see Exanple 4).
Finally, theJ r may be det er 22ntned by the system using neural
net wor ks (se | and 6). BRI EF DESCRIPTION OF THE FIGURES FIG 1
shows a tire sensor for the driveway.

Additional data were acquired dynamically using a treadless
racing slick (Mickey Thompson ET Drag 26.0/8.5~15) mounted on the
right rear wheel of a 1990 Pontiac Grand Prix LE passenger car. The
vehicle was driven over the sensor array described in Example 1 a

number of times at each of seven levels of tire inflation pressure
spanning the range from about 5 psi to 38 psi. Vehicle velocity was
nominally constant in the range of 3 to 5 mph. Time resolved data on
the eight sensor channels was collected and processed using Eq. (20)
with the results as displayed in Pigure 9. Diagonal line 2 represents
parity under the jdealized condition that tire inflation pressure has
the same magnitude as the pseudopressure under all conditions. The
plotted points are computed from Eq. (20).

No correction has been applied for sensor readings falling at
the tire edges where incomplete sensor coverage usually occurs. More
narrow sensors can be used to reduce the area source of error.
Alternatively, an edge correction can be made. It will be understood
that the present system is not optimized and can be further improved.

Additional tests using a treaded tire yield similar results
to those shown in Figure 9 except that more scatter is present.
Lohger sensors may be used to average over a greater area of tread to
reduce the scatter. Alternatively, one or more additional lines of
sensors can be deployed in parallel arrangement with the first line of
sensors for the same purpose. Staggering the additional sensors will

permit further reduction of the scatter.

In summary, this example contributes another means of data
reduction whereby the array of load cells can be used to infer pseudo-

pressure as a measure of tire pressure.

It is noted that difference in pseudopressure from one tire
to another can be used to detect a variance in tire inflation as a
warning that one or another tire needs inspection. Used in this
manner the system need not be absolutely calibrated to read actual
tire pressure. Likewise, other features as well as inferred values of

tire pressure can be used in similar comparative fashion, if desired.
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FIG 2(a) ‘shows_a erspectlve VI ew of an experinen- tal linear array of
| oad cell sensd@F plagefl\\s a cross-sectional view of the |oad
sensors of FIG “H J homs how tire shape and contact pressure are
related to tire

ure. - 23 -
These values can be determined by any of the methods discussed above

or below.

Neural Network Recognition of Tire Patterns

Neural networks are a computational method capable of learn-
ing patterns inherent in data by a process of supervised training.
The trained networks subsequently can be used to classify data inputs
not previously presented to the network. See, for example, Parallel
Distributed Processing, Vol. 1. Foundations (1988) Rummelhart, D. E.
and McClelland, J. L., MIT Press, Cambridge, MA and Neural Works
Professional II: Users Guide. Vol. 1 Neural Computing, October 1989,
Published by Neural Ware, Inc., Pittsburgh, PA.

It is not likely that the tire, when driven onto the array of
load cells, will be phased exactly on the load cells. That is,
misalignment may be introduced at the edges of the tire due to partial
coverage of the load cells located at the tire edges. Also, the width
of the tire footprint may be incommensurate with the width of the
sensor array. These and other non-idealities tend to give the force
distribution a complex appearance. The next example illustrates how
the complex patterns of force distribution may be successfully inter-
preted using a neural network.

A neural network having feed forward architecture, see Figure
10, was defined. The network consists of three layers of artificial
neurons connected from layer to layer by adjustable weights. A bias
cell having constant unit output is connected by adjustable weights to
the artificial neurons of the hidden layer and output layer. Data are
fed to the artificial neurons of the input layer and representing
reduced force. At the start of the network training process the
weights in the network are assigned randomly chosen values.

For example, the weight connecting neuron 1 to neuron 8 is
labeled wgjy, the weight connecting neuron 6 to neuron S is labeled
wgg, etc. The weighted inputs to a neuron j in the hidden or output
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FIG 3(a) showg, | h§
t hrough 4E sh\gl\l;,vhp ikl nall %
5 shows the sy mmmrm

layer of the network are summed according to the following expression

ace%nd FIG 3(b) shows uderinflation. FIGS. 4A
fce distri- bution for data of Table 1. FIG
Fent of the force distributions of FIG 4.
_24_

to yield a value denoted Neti.

where Of is the output of the ith neuron in the layer below, wyj is
the weight connecting from neuron i to neuron j. Output for any
neuron in the input layer is the same as its input. Output for any
neuron in the hidden layer is nonlinearly remapped into the range from
0 to 1 using the sigmoidal function, as follows:

Outj = mﬁ%m ' (45)

Initially the output inflation A of the neuron in the output
layer of the network, in response to a (vector) input of values
impressed upon the input layer, has a value that deviates widely from
the correct value of A associated with those inputs. Using a training
set of input vectors, each with its associated parameter A, each
member of the set having been randomly generated as descrih_ed
previously, the weights of the network are adjusted to yield a least
squares error over the ensemble. This optimization may be carried out
in any of various ways known to one skilled in the art.

Example 5. Neural network trained on experimental tire data

The linear array of eight load cell sensors described in
Example 1 was employed to detect force distribution across the foot-
print for the vehicle/tire combinations listed in Table 4. The data
were cbtained along a meridian of the tire with the vehicle at rest
over the sensors such that a mid-footprint force reading was dis-
played. A total of 35 tests were run in which the tife inflation
pressure ranged from less than 40% to more than 130% of the car
manufacturer's recommended normal inflation. Each test resulted in a
set of force readings which were normalized by a uniform constant
value and made the input values to a neural network having an input
layer of six neurons, a hidden layer of four neurons, and a single
output layer (see Figure 10). The number of load cell sensors in
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4 FIG 6(a) shﬁus L 85 Geey | lUstration of tire foot- print illustrating
strips having i Iload cel
jLHT .

contact with a tire varied from test to test. The actual inflation

pressure, normalized, provided the target output during training of
the net.

Following training the inputs from the training sets were fed
to the network and the recalled inflation pressure, i.e., the network
output, suitably unnormalized, was noted and plotted, resulting in the
parity plot of Figure 11. It can be seen from the figure that the net
learned to recognize the patterns of the training set to a high
precision (ratio of standard deviation to mean of about 2%). When a
neural network was configured using three neurons in the hidden layer,
the learning was somewhat degraded (ratio of standard deviation to
mean of about 4%).

. By training a neural network with representative numbers and
types of tires and vehicles, the network may be used to infer the
pressure of tires it has not been taught previously. It will also be
understood that the neural network possesses the ability to classify”
patterns of force distribution in the presence of noise contributed by
tread variations, unknown degree of phasing, incommensurate tire width
relative to sensor layout, etc. The trained network/sensor system can
be used for automated measurement of tire pressure as a convenience to

drivers.
Table 4
Test Vehicles And Tires (Right Front Wheel)
Normal
Inflation
Vehicle Tire I.D. (psi)
Saab 900 Turbo Pirelli MXV 185/60 R15-87H 27
BMW Pirelli P600 205/55 VR15 33
Ford Festiva LX Yokohama 165/70 SR12 29

Although the primary intent is to define a system having
stand alone capability it should be understood that the system and
process disclosed herein may be used in conjunction with externally

provided information to achieve their operation, e.g., knowledge of
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sensors x-is th d| rectlon of vehlcle motion. FIG 6(b) shows an

il lustration of tact-pressure distribution along a strip
of length L. 1 i Hﬁsor face. FIG 6(c) shows an illustration of
trapezoi dal cont i stributi-o@6due to sanpling by the finite

si ze

tire type, vehicle type, vehicle loading, or other data. Such
information may allow selection of a particular neural network having
specialized training to perform the decision making function required

to practice the invention.

A single array of sensors can serve to acquire signals from
front and rear tires of a vehicle that passes over the array.

Skewness of the footprint about the vehicle direction of
motion may be used to correct the footprint readings when a vehicle

passes obliquely across the array of sensors.

The system and process can also function as a counter of
vehicles passing by a fixed site. ‘This functionality may be achieved,
for example, by actuating a counter that records the number of times

that a sensor transmits the onset of a force vs. time signature.

Example 6. Neural network trained on features

extracted from experimental data

The performance of a neural network of the type described in
Example 5 in predicting the tire pressure for a vehicle/tire not
included in the training data is less accurate than the recall
accuracy illustrated in Figure 11. I have found that a more accurate
prediction can be made by extracting characteristic features from the
raw force data and using these features as the inputs to a neural
network. The characteristic features are desirably insensitive
to phasing of a given tire relative to the sensors. These character-
istics may be determined by measuring the footprint force distribution
for a given tire. Then a characteristic feature is computed from the
distribution. The feature is then redetermined for the same tire by
repeating the test with another phased position. If the computed
feature remains reasonably constant over a number of such tests, then
that feature may be used to tréin the neural net. A number of such
features have been identified, as discussed below.
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sensor. RIGS. 7(a-c) show the dynamically acquired tire- footprint-forces
Wwith tire pregsidSeeHas B&npsplackdver cury Topaz). FIG 7(a) shows an

axononetric sid (b) shows an axononetric rotated view FIG
7(c) shows a co - 27 -

Pseudopressure PS defined previously (see Eguation 20)
furnishes a useful feature. Using a 20 cell array of contiguous 0.5

inch wide sensors, the pseudopressure is reproducible with average
standard deviation of 3.5% on treaded tires. The ratio PT/PS of tire
pressure PT to pseudopressure PS typically varies over a rather narrow
range from about 0.33 to 0.67. A neural network can be trained to a
target output of PT/PS rather than PT in which case the network
computes a correction factor having a limited rénge of variability.

It is found that SF the summation of forces over the active
sensors at midpoint in time of a footprint data pulse serves as
another suitable feature.

SF = (Z Fil¢ (tpm = midpoint time) (21)
i m

The midpoint time is conveniently defined in terms of the
longest data trace which, in turn, corresponds to a trace from near
the meriodional center of the tire. The corresponding force values
are referred to below as the midpoint slice data or slice data. '

Another characteristic feature is furnished by a measure of
midpoint pressure PO. PO is conveniently extracted from the slice
data as an average over a number of centrally located sensors. For
example, using sensors of 0.5 inch width the number of active sensors
typically range from 8 to 12 in number. Discarding the readings from
the three outermost active sensors on both sides of the footprint
results in averaging over 2 to 6 cells to yield a value of PO. The
value of PO is suitably reproducible from run to run.

Another feature having utility in this work is WF or force-
width, defined by the following.

ZiRrj
ZFj

-l

(22)
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FIGS. 8(a-c) show a dynam a%ty acquired tire-foot- print-forces wwth tire
pressure of JhisBheet Eiaaiw - paz). FIG 8(a) shows an axononetric side

view. FIG 8(b Hnonetric rotated. FIG 8(c) shows a contour
plot FIG 9 shH mt pressure deRrmined from

IFy

WF =

i given by Eg. (22) defines the force-weighted center of the
individual force value in the slice data. i is the sensor number with
numbering defined sequentially from one end of the sensor array to the
other. Thus, i represents the position of the center in units of
sensor widths. Eq. (23) for WF defines a width of the force distribu-

tion, hence a measure of the tire width.

Table § lists data from repeat runs illustrating the relative

invariance of these various measures.

Table §

Reproducibility of Features
Pontiac Grand Prix - Goodrich P205/65R15
PT = 29.0 psi

PO
Run (arbitrary PS WF SF
Number units) {psi) {dimensionless) {ib)
1 26.8 46.4 6.24 336
2 25.1 44.9 6.23 331
3 26.7 46.3 5.90 314
4 25.7 45.4 6.26 327
5 26.3 45.7 6.24 328
6 25.8 47.3 6.23 326
7 25.6 45.3 5.32 275
8 25.2 44.8 5.25 271
9 25.6 45.8 6.28 329
10 25.5 45.5 6.18 323
11 25.4 46.3 6.19 331
12 25.3 47.8 5.48 300
Average 25.75 45.97 5.98 315.8
Std. Dev. 0.54 0.87 0.38 21.2
Ratio, % 2.0 1.9 6.4 6.7

The bottom line of the table lists the ratio of standard deviation to
average value for each of the four features. Both PO and PS are
reproducible to 2.0% or better (one sigma). WF and SF exhibit a
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dynani c footprlnt neas n 4vs. tire pressure. FIG 10 shows a neural
network to det ation. FIG 11 shows a neural network
performance in “ xperimental tire inflation (recall of 38
training sets). - 29 -

greater scatter, but nonetheless contribute useful concerning tige

pressure.

A feature data base was established using data acquired from
the footprints of front and rear right tires of seven vehicles. Three
or more repeat readings were acquired at each of four inflation
pressures (37.7, 29.0, 24.7, 11.6 psi). A list of vehicles and tires
is given in Table 6.

Table 6

Data Base Vehicles and Tires

Yehicle Tire Brand Tire Designation
Nissan Sedan '87 Michelin 155/8B0R13 M&S
Ford Tempo Invicta 185/70R14
Saab Turbo '85 Goodyear 195/60HR15 M&S
Chevy Cav. Wagon '86 Firestone 195/70R13 M&S
Pontiac GP '90 Goodrich 205/65R15
Ford Taurus '90 " Firestone 205/70R14 M&S
Ford Starcraft Van Sears All Season 225/75R15

A three layer neural network was configured having an equal
number of artificial neurons in the input layer and in the hidden
layer, and one neuron in the output layer. The sigmoidal transfer
function was employed in all but the input neurons. A bias neuron
having unit output was connected by variable weights to the neurons of
the hidden and output layers.

Weights of the network were determined to minimize error over
a training set consisting, for example, of 136 data vectors and their
associated target pressure values (the tire inflation pressures). The
Nissan sedan was excluded from this test set. The accuracy of the
trained network in recalling the target pressures is illustrated in
Figure 12. The root-mean-square ratio of deviation to mean pressure
was 1l.7% over the training set.

The Nissan sedan, which the network/sensor had not previously
seen, was then tested. The predicted pressures are listed in Table 7

“THIS SHEET HAS BEEN
REPLAGED |




FIG 12 shows neural network performance for the input data in Exanple 6.
DESCRRI PTI ON s NT The present invention is a system
for nmeasuring tli ml 1“‘1 IA The system i s non-intrusive and functions

- 30 -
wherein it can be seen that the neural network produces a reasonable
estimation of the actual tire pressures. By including more vehicles
in the data base the accuracy of the method can be further improved.

Table 7

Neural Network Predictions of
Nissan Sedan Front Tire Pressures

Actual Inflation Predicted

Pressures, psi Pressure -]
11.6 11.9
11.6 12.2
11.6 11.8
24.7 25.7
24.7 22.2
24.7 23.9
29.0 31.5
29.0 28.9
29.0 30!2
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substantially i ndependent _of g$ke and nodel of the tire and vehicle. The
probl em may b I n Repl lows. The tire provides input to the sensors
whi ch provi de j t uter which processes the data to provide an
out put pressur ¢ data may=b¥ immperfect (as will

CLAINMS:

l. A system for determining the pressure of a pneumatic
vehicular tire while mounted on the wheel of a vehicle and/or the
velocity of the vehicle, comprising:

a. an array of load sensors arranged to provide a pattern of
the force distribution data exerted by said tire in contact with said
sensors along a line across the width of said tire; and

b. a computer which is programmed to determine said tire
pressure and/or velocity from said force distribution data.

2. A system as claimed in claim 1, wherein said load sensors
are strain gages or piezoelectric and/or piezoresistance films.

3. A system as claimed in claim 1 or 2, wherein said
computer is arranged to filter said force distribution data.

_ 4. A system as claimed in any preceding claim, wherein said
computer is arranged to decompose said force distribution data into
symmetrical and unsymmetrical parts in order to determine measures of
tire pressure.

5. A system as claimed in claim 1, 2 or 3, wherein said
computer is arranged to use said force distribution data to determine
a mean contact pressure.

6. A system as claimed in any preceding claim, wherein said
computer is arranged to determine tire pressure by neural network
recognition.

7. A system as claimed in claim 6, wherein said neural
network is arranged to be trained on inputs that are insensitive to
the position of tire on said sensors.
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be expl ai ned-belowy;—a Telriable output is desired. The present system

cl osely achi eves th eeanngAc out put. The present systemw || preferably
be operated orft a gasoline service station, e.g., in a

driveway adj ace l%ﬂ[\ne service Bap. The sensors will typically be
| ocated in the (FIG 1). The

8. A system as claimed in claim 7, wherein said neural
network is arranged to be trained on pseudopressure, summation of
forces, midpoint pressure, and force-width data.

9. A system as claimed in any one of claims 1 to 3, wherein
differences in the pattern of forces are used to indicate differences
in the inflation pressure of tires.

10. A method of determining the pressure of a pneumatic
vehicular tire while mounted on the wheel of a vehicle and/or the
velocity of the vehicle, comprising:

a. providing a pattern of the force distribution data
exerted by the tire in contact with an array of load sensors along a
line across the width of said tire; and

b. determining said tire pressure and/or velocity from said
force distribution data.

* c L M s *
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5 sensors;nay'bE‘éﬁﬁéaaéa—Tﬁ—fﬁgﬂdrivemay (FIG 2). Using flat detectors
such as p'ezoe'%ﬁ}§$§y&§3&ﬂﬁ§ﬁ%ﬁaiS-

[T —h

"DETERMINING PNEUMATIC TIRE PRESSURE AND/OR VEHICLE VELOCITY"

ABSTRACT

For indicating tire inflation and/or vehicle velocity, an
array of strain gage sensors installed in a driveway or the like is
used to determine the distribution of contact forces along the width
of a pneumatic tire. A neural network may be employed to classify the
patterns of force sensed in this manner. Additional processing of the
data permits vehicle velocity to also be determined.

(FIGURE 1)
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tive polymer filmthe sensors may be enbedded in a thin mat. FIGS. 2A and

2B show di agrans of—the—sensors em bedded in the driveway. FIG 2Ais a

perspect|ve vi ew and FlI G 2B |s a CrOf sectlonal view. The sensors 2 are
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The sensitive area 6 of the sensors 2 is covered by an el astoneric |ayer 8.
The vehicle motion is in the direc- tion of the arrow 12. FIG 3a shows the
profil e tentitsnShyet Bhs Beed RépRcddhat i s%ﬁ/eri nflated. FIG 3b shows the profile
t
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maxi numtractton it is believed that the tire should be in uniformforce

contact with the horizontal all across the profile. EXAMPLE 1 Influence of
tire peri bu&}ﬂn A sensor array was fabricated

i ncor por a | ?i{grﬁeenkeplaced
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strai n gage | oad cells arranged in a linear array and installed in a
driveway pit-—-as—deprctedTnm FI'G 2. The load cells used were the Mdel SP

singl e point com i on, t obtalnﬁg,éron18ensotec, Col unmbus, ©Chi o.
Load is appli et iH ﬁ%ﬁ‘ﬁrﬁf nt al & inch by | 5/32 inch face of a
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with a foil-straitn—gage that is tenperature conpensated from 30[err]F.
130[err] F.. Non-1li nearitﬁﬁtaéed by the manu- facturer is 0.03% of full

scal e readi rilis Shyg if'e rating Lf iOO | b. with 50% overl oad
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SA- 10 ”Ult{'Chaﬂnﬁ-§L§E%ngL§ﬁﬁifkage supplied by the sanme manufacturer.
The sane package supplle DC excitation to the |oad cells. Dead
wei ghts of 50 anﬁs@g : mere used tg/ggeck the calibration of the indi-

vi dual | oad cels Bmmahe Th ntil evered beans were nounted in
al ternating

Figure 9
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staggered’fashion so that the | oad cell faces were | o- cated contiguously
with approximately 1/16 inch spac- ing the 1 7/16 inch dinension defining
the | ength of—the -sensorface along t ]g_: rection of vehicular notion, and
with the 1 5/32 inch dinmension oriente ong the trans- verse direction of

R 1]/

HIDDEN LAYER
8

NEURAL NETWORK ARCHITECTURE
FOR DETERMINING TIRE INFLATION
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airray measur ed—abott—9—-3/4—nehes. 6 Tests were conducted using a three
door 1985 Saab
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Tur bo pas$engér vehicle equipped with Pirelli 195/60/R15 tires on the front
wheel s. Inwuﬁ;gd cells were nounted nomnally flush with the
drive- way. FIGS. 4A g{ fed4E di spl ay/ipe resultant disti- bution of
forces for tfﬁﬁﬁw re pressure was set at 12, 20, 29, 33 and 38

psi. These dat “\ d in

Figure /2

30 40
T

Neural Net Output (psi)
20

10
T

ot
~d

1 1 Sy )

10 20 30 T 40

Pressure (psi)

[PRO— .- T s ans

T%!S th " 1AS BEEN
REPLACED




Table 1. The {éhi cl e manufacturers recomended inflation préssure Is 27 to
29 psi. TABLE 1 Conact Force Distribution of Pirel 195/60 R15 Radial Tire a
Various Tire lnflation Pressures Units of Force (Ib.)
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. Senor 4

_ Tire Inflation Pressure psi Nunber 12 20 29
33 38 1 0 0 0 0 02 63.7 79.6
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"DETERMINING PNEUMATIC TIRE PRESSURE AND/OR VEHICLE VELOCITY"

The present invention relates to determining pressure of a
pneumatic tire mounted on a vehicle. It also relates to measuring
vehicle velocity.

Pneumatic tires for carrying vehicles should be maintained at
the proper pressure in order to achieve optimum conditions for either
safety, comfort, road handling, fuel economy, and longer tire wear, or

combinations thereof.

An under-inflated tire primarily bears its load at the
shoulders of the tread, in which case its road-engagement pattern is
somewhat concave between those shoulders. Under such conditions
continued use of the tire over the road causes excessive wear at the
shoulders, because an appropriate frictional contact in the central
portion is not maintained. This results in less than normal lifetime
and obviously uneven wear. Alternatively, an over-inflated' tire
sustains considerable wear in the central tread area between the
shoulders, and less-than-normal wear at the shoulder portions. Either
situation results in wastefulness, since the total potential of the
tire is not being used. In other instances, there is a greater
tendency to skid or slide. 1In addition, undue stfesses and strains,
particularly in the instance of under-inflation, are applied to the
sidewalls of the tire carcass, causing it to deteriorate before its
time.

Tire manufacturers provide specifications for the operation
of tires. Automobile manufacturers also specify tire inflation -
characteristics. However, both of these specifications, even if
followed religiously, do not necessarily mean that the tire—operating
condition is particularly correct for that tire on that vehicle. The
ideal conditions, therefore, will be seen to exist when the air
pressure in the particular tire is just sufficient to produce full

. 2oL B | THIS SHEET HAS BEEN
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due to tire ang ant. Exagpbe_ 2 illus-

sensors, e.qg,
roadFengagement contact across the entire width of the tread, so that

the weight of the car is borne equally in the road-engagemeﬁt area
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between the shoulders and across the central portion of the tire.
Under such circumstances the tire tread will wear evenly, and the
tread life and maximum safety results from maximum gripping or fric-

tion of the tire on the roadway.

In the past, vehicle operators or gas station attendants have
to some degree relied on visual inspection of the tire under a load to
appraise inflation. A tire wearing too much at the shoulders becomes
bald therearound due to the under-inflation of the tire. However,
when the bald condition is visible or observable, it may already be
too late to do much to reétify the situation. Contrariwise, the
over-inflated tire bears the load in the mid-portion of the tread
where wear rapidly occurs due to the fact that the share of the load
being borne by the particular tire .is distributed over too small a
central road-engagement area at the tread, whereupon a bald strip soon
appears around the casing. When such a situation is to be appraised
visually, there is likely to have been such excessive mid-tread wear
that the casing may have nearly lived out its operating life. Of
course, such determinations are affected by differences in the load
borne by a tire. For example, where a vehicle is operated normally
With a driver and one passenger, one condition exists. When it is
caused to bear two or three extra passengers and, possibly, luggage
and other loads, the conditions change markedly, and an adjustment in
tire pressure should be made.

Alternatively, the operator of a vehicle may desire a softer,
more cushioned ride attendant to under-inflation. Or the operator may
desire to over-inflate the tires to achieve more responsive steering
and increased fuel economy in operating the vehicle. This invention
provides a means to indicate any inflation condition.

In the prior art the US Patent 3,973,436 (August 10, 1976) of
G. H. Lenderman discloses a tire inflation appraisal apparatus con-
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sisting of a linear array of spring loaded lever arms proposed to
detect and amplify the profile shape of a tire resting on the array.
An operator is required outside the vehicle to observe the visual
pattern formed by the ends of the tilted levers. The present inven-

tion yields several improvements over the Lenderman concept: the data
can be acquired whether the vehicle is in motion or not; the sensing
means is more accurate; human involvement and judgment are not
required; the raw data is collected as electrical signals which are
well suited for data processing and extraction of informational
content using a digital computer; advanced pattern recognition method-
ology can be employed, e.g., a neural network that can be conveniently
trained and used to interpret the readings. Vehicle velocity can be
measured concomitantly with tire inflation. The display of the read
out pattern is more convenient, e.g., as graphic and alphanumerics on
a computer driven display screen or as a printed report. The data
processing feature of this invention is particularly important as the
pattern generated by the raw data is often complex and its meaning
recondite.

According to the invention from one aspect there is provided
a system for determining the pressure of a pneumatic vehicular tire
while mounted on the wheel of a vehicle and/or the velocity of the

vehicle, comprising:

a. an array of load sensors arranged to provide a pattern of
the force distribution data exerted by said tire in contact with said
sensors along a line across the width of said tire; and

b. a computer which is programmed to determine said tire
pressure and/or velocity from said force distribution data.

According to the invention from another aspect there is
provided a method of determining the pressure of a pneumatic vehicular
tire while mounted on the wheel of a vehicle and/or the velocity of
the vehicle, comprising:
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a. providing a pattern of the force distribution data
exerted by the tire in contact with an array of load sensors along a

line across the width of said tire; and

2 8 FEB 1997

b. determining said tire pressure and/or velocity from said
force distribution data.

The present invention provides a system that can indicate the
pressure of a pneumatic tire conveniently and quickly. Another
objective is to determine the goodness of road contact, as a guide to
determining appropriate tire pressure. The analysis is substantially
independent of the make or model of the tire or vehicle. The deter-
mined pressure can then be displayed, for example, on a screen or in
printed form. The screen may be electronic such as a céthode ray
tube.

The tire pressure may be determined by a decomposition method
(see Example 3). The. tire pressure may also be determined by an
analysis technique referred to as pseudopressure (see Example 4).
Finally, the tire pressure may be determined by the system using

neural networks (see Examples 5 and 6).

The invention will be better understood by referring, by way

of example, to the following drawings, wherein :-
Figure 1 shows a tire sensor for the driveway.

Figure 2(a) shows a perspective view of an experimental
linear array of load cell sensors.

Figure 2(b) shows a cross-sectional view of the load sensors
of Figure 2(a).

~ Figure 3 shows how tire shape and contact pressure are
related to tire inflation pressure.
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Figure 3(a) shows overinflation and Figure 3({b)} shows under-
inflation.

Figure 4 shows the contact force distribution for data of
Table 1.

Figure 5 shows the symmetrical component of the force distri-
butions of Figure 4.

Figure 6(a) shows a schematic illustration of tire footprint
illustrating strips having width w of the load cell sensors. X is the
direction of vehicle motion.

Figure 6(b) shows an illustration of square-wave contact-
pressure distribution along a _strip of length L. L is length of
sensor face.

'Figure 6(c) shows an illustration of trapezoidal contact
pressure distribution due to sampling by the finite size sensor.

Figures 7(a-c) show the dynamically acquired tire-footprint-
forces with tire pressure of 29 psi (Mercury Topaz). Figure 7(a)
shows an axonometric side view. Figure 7(b) shows an axonometric

rotated view. Figure 7(c) shows a contour plot.

Figures 8(a-c) show a dynamically acquired tire-footprint-
forces with tire pressure of 25 psi (Mercury Topaz). Figure 8(a)
shows an axonometric side view. Figure 8(b) shows an axonometric
rotated. Figure 8(c) shows a contour plot.

Figure 9 shows the pseudopressure determined from dynamic
footprint measurements vs. tire pressure.

Figure 10 shows a neural network to determine tire inflation.
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Figure 11 shows a neural network performance in recognizing
experimental tire inflation (recall of 38 training sets).

deteted by the array of
_6—

Figure 12 shows neural network performance for the input data
in Example &.

The tire provides input to the sensors which provide data to
the Eomputer which processes the data to provide an output pressure.
Although the data may be imperfect (as will be explained below), a
reliable output is desired. The system to be described below closely

achieves that reliable output.

The present system will preferably be operated on the
premises of a gasoline service station, e.g., in a driveway adjacent
to a gasoline service pump. The sensors will typically be located in
the driveway area (Figure 1). Thé sensors may be embedded in the
driveway (Figure 2). Using flat detectors such as piezoelectric or

piezoresistive polymer film the sensors may be embedded in a thin mat.

Figures 22 and 2B show diagrams of the sensors embedded in
the driveway. Figure 23 is a perspective view and Figure 2B is a
cross-sectional view. The sensors 2 are located in a pit liner 4
embedded in the driveway 10. The sensitive area 6 of the sensors 2 is
covered by an elastomeric layer 8. The vehicle motion is in the
direction of the arrow 12.

Figure 3a shows the profile tendency of a tire that, is
overinflated. Figure 3b shows the profile tendency of a tire that is
under-inflated. At proper inflation to provide maximum traction it is
believed that the tire should be in uniform force conmtact with the
horizontal all across the profile.

Example 1. Influence of tire pressure on force distribution
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A sensor array was fabricated incorporating eight strain gage
load cells arranged in a linear array and installed in a driveway pit
as depicted in Figure 2. The load cells used were the Model SP single
point compression type obtained from Sensotec, Columbus, Ohio. Load
is applied over the horizontal 1-7/16 inch by 1~5/32 inch face of a

cantilevered aluminum beam fitted with a foil strain gage that is

temperature compensated from 30°F to 130°F. Non-linearity stated by
the manufacturer is * 0.03% of full scale reading. The full scale
rating 1s 100 1lb. with 50% overload permissible. Manual readout of
the force detected by any one of the sensors was accomplished, when
desired, using the Model SA-10 multi-channel electronic package
supplied by the same manufacturer. The same package supplied 10 volt
DC excitation to the load cells. Dead weights of 50 and 100 lbs. were
used to check the calibration of the individual load cells from time
to time.

The cantilevered beams were mounted in alternating staggered
fashion so that the load cell faces were located contiguously with
approximately 1/16 inch spacing, the 1-7/16 inch dimension defining
the length of the sensor face along the direction of vehicular motion,
and with the 1-5/32 inch dimension oriented along the transverse
direction of a tire. The total width of the sensor array measured
about 9-3/4 inches.

Tests were conducted usinq a three door 1985 Saab Turbo
passenger vehicle equipped with Pirelli 195/60/R15 tires on the front
wheels. 1In these tests the load cells were mounted nominally flush
with the driveway. Figure 4 displays the resultant distribution of
forces for tests in which tire pressure was set at 12, 20, 29, 33 and
38 psi. These data are tabulated in Table 1. The vehicle manufactur-
er's recommended inflation pressure is 27 to 29 psi.

et S i ——
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Table 1 - '
Contact Force Distribution of Pirelli 195/60 R15
Radial Tire at Various Tire Inflation Pressures
Units of Force (1lb.)
Sensor Tire Inflation Pressure, psi
Number 12 20 29 33 38
1 0 0 0 (o} 0
2 63.7 79.86 86.3 83.8 79.9
3 32.1 56.9 77.2 87.7 98.0
4 28.2 55.9 78.9 92.0 105.1
5 41.0 63.7 83.2 g93.7 103.9
6 68.4 89.9 102.9 108.2 112.9
7 0 ¢} 0 0 o}
8 0 0 0 0 0

From Figure 4 it can be seen that contact force of the
under-inflated tire (12 psi or 20 psi) is minimum at the center. At a
normal tire inflation pressure (29'psi) the forces tend to be more
uniformly distributed over the sensors. The overinflated tire (33 psi
or 38 psi) presents a more complex pattern, suggestive with the

idealization of an overinflated tire.

It will be appreciated that noise sources are present that
tend to scatter the sensed force values. These include: sensor
offset and scale factor variations, incommensurability of tire width

~and sensors width, variation in position of tire relative to the
sensors (phasing), and variation of tread pattern in contact with the
sensors, e.g., due to tire angular displacement. Example 2 illus-

trates the reduction of noise by filtration of the signals.
Example 2. Filtration to reduce noise

Consider the case when tread gaps in the tire are smaller in
scale than the dimension of the sensor faces and accordingly are a
source of high spatial frequency noise that tends to degrade the
information contained in the sensed force distribution. This example

|48 SHEET HAS BEEN
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1llustrates the reduction of said noise using Fourier filtration and
is a preliminary to Example 3.

Thus, the discrete force values in the distributions of
Example 1 will be decomposed into harmonic components using the
discrete Fourier transform. See, for example, Bracewell, R., "The
Fourier Transform and its Applications®, 2nd Edn., 1978, NcGraw-Hill,
Inc., Néw York, Chapter 18.

General expressions for the transform and its inverse can be

written in matrix form as follows:

tfE=We (1)

= ]

£F=Voe ii- (2)

where £ is the vector of forces detected by the array of sensors,
n = N where N is the number of sensors in forceful contact with the
tire, and tf is the discrete Fourier transform of f. The matrices W

and V are defined in terms of w, the Nth root of unity.
w = exp(27i/N) (3)
where 1 is the square root of minus one.

wy,x = wi%k J = 0,1,2.00, N-1 - (8)

0,1,2,.--, N"'l (5)

v4,x = wi*k k

For the data of Example 1, N has the numerical value of 5. The

corresponding force vectors may be written as follows:
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coefficients to zero the spectra then becone
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Traxisfcmation of the forces using Eq. 1 results in the following

spectra:
- 104.38 - 154.736
17.339 - 18.8044 ' 12.614 ~ 16.0861
te(1) = 1.689 - 4.0981 te(2) = | -0.986 - 5.3574
1.689 + 4.098i ~0.986 + 5.3574
_17.339 + 18.8041_|. _12.614 + 16.086i_
- 191.631 B 208.133
4.835 - 12.061i -2.638 -~ 9.1664
te(3) = | -4.165 -~ 4.9271 tg(4) = | -7.738 -~ 4.6664
~4.165 + 4.9274 , -7.738 + 4.6661
_ 4.835 + 12.061i_ _-2.638 + 9.1661_
- 223.517
-10.739 -  6.0221
te(5) = | -11.689 - 4.4271
-11.689 + 4.4274
-~10.732 + 6.022i_ (7)

In the above spectra, the real valued amplitude represents mean force,
the next component specifies amplitude and phése of the first
harmonic, and the middle component specifies amplitude and phase of
the second, or highest harmonic. The last components are complex
conjugate to the first and second components. It will be supposed
that the highest harmonic is the most representative of noise and can
be beneficially filtered. Setting these coefficients to =zero the

spectra then become:
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[etr] Iﬁmﬁms spectra way be inverted usi REE&ACEMEIWSHEET
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- 12 -
" 104.38 - 154.736
17.339 - 18.8044 12.614 - 16.0864
tell) = 0 tel2) = 0
0 0
_ 17.339 + 18.804i_ _12.614 + 16.0864_
" 191.631 - 208.133
4.835 - 12.061i -2.638 ~ 9.1664
te(3) = 0 te(4) = )
0 0
_ 4.835 + 12.061i_ _ ;-2.538 + 9.166i_
- 223.517
-10.739 - 6.022i
te(S) = 0
0
_~10.739 + 6.022i_ (8)

The above low pass spectra may be inverted using Egq. 2 to yield the
filtered force data. With a redefinition of syi_nbols these are:
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to be decomposed into a measure of inflation. A particular technique
to achieve the decomposition is illustrated in the following example.

Example 3. Decomposition yielding a graphical

measure of inflation

The footprint of a new or uniformly worn tire is assumed to
be symmetric about its center line. Any deviation from symmetry may
be regarded as an extraneous component of the signal. Aany distribu=~
tion (represented by vector) f having N components fj where i =
0,1,2,...(N~1) can be decomposed into the sum of a symmetrical or even

part fe an an unsymmetrical or odd part fo as follows:

f = fe + fo (10)
where ‘
fe, =2 (£,+ £ ) | (11)
1 T2 VR
fo, = = (£.- £ ) (12)
i 2 i N=-1-1i

This decomposition is valid whether N is an even or odd integer. The
even part fe is associated with tire inflation. The filtered data,

Egs. 9 of Example 2 when decomposed yield the following even and odd
component vectors.
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Figure 5 shows that the individual even curves are well
ordered with the tire inflation pressure as parameter. The deviation
from flatness of the curves in Figure 5 provides a measure of the

goodness of road contact.
Mean contact pressure (pseudopressure

Highway engineers commonly assume that the contact pressure
over the footprint of a tire is uniform and equal in magnitude to the
inflation pressure of the tire (K. Marshek et al, "Experimental
Determination of Pressure Distribution of Truck Tire-Pavement
Contact," Transportation Record 1070, pp. 9-14, 1987). The actual
pressure distribution deviates considerably from the uniform pressure
model.  While a planar array of force sensors provides a means to
measure the distribution of forces statically or dynamically, i.e.,
with the tire at rest and in contact with the planar array or as the
vehicle moves over the array, in the following we discuss the use of a

linear array. Two dimensional arrays may also be used. However, a

. linear array should be more economical to provide. The linear array

of load cells provides a means to measure the distribution of contact

pressure in real time as a vehicle passes over the array.

Thus, when a vehicle passes over a linear array each sensor
in the array experiences a time-varying applied force. The time
dependent data can be used as discussed below to compute a mean
contact pressure or pseudopressure. The pseudopressure may be used by
itself or in combination with other measures to infer the tire infla-
tion pressure.

Figure 6c illustrates schematically the time dependence of
force, F(t), anticipated for a given sensor for a vehicle moving at
velocity v if the actual contact pressure is uniformly diétributed as
shown in Figure &b. The time trace is trapezoidal shaped having a
plateau region of nearly constant force with sides that ramp up and
down. (Refer to Figures 7a,b and 8a,b for examples of experimental
time traces.) Thus, because the sensor has a finite length £ along
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the direction of vehicle motion a duration of time of magnitude /v is

required for the tire to cover or uncover a sensor.

Because contact pressure at a point varies drastically within
a footprint, and disappears in regions of tread gap, we consider a
local contact pressure P. defined as the total force on an area having

the size and shape of a sensor face, divided by that area. Thus,

P_ = (14)

where w is sensor width and £ is sensor length. At a given instant of
time the pseudopressure, denoted as Pg is given by

- Iotal force

Pg.= Total area (15)
where

Total force = 3 [ PcdA (16)

Total area = Z f dA (17)
in which dA = wdx where x is distance along the vehicle path of

motion, assumed perpendicular to the 1linear array, and the summation
is taken over the number of sensors contacted by the footprint.

Substituting in (16) for P; using (14) and introducing dx = vdt gives

Total force = ), i f F(t)dt (18)

Likewissa,

Total footprint area = w ), dx
= W z L

=wv ]ty (19)

where L is the local length of the footprint section at a given sensor
position, and tj; is the corresponding time duration of passags.
Substituting (18) and (19) into (15) and canceling the common factor v

gives a result that is independent of the vehicle velocity v.
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The transformation dx = vdt employed above represents a simplifying
assumption. In fact, the portion of tread that initially contacts a
sensor face remains in place while the loading changes with time. 1In
the special case that the tire is treadless the relationship becomes

exact.

Equation (20) expresses Pg exclusively in terms of measurable
parameters. Selection of time tj, rather than time t3 (refer to
Figure 6c) for use in the equation constitutes an important feature.
Time t; measures the duration of time from the instant the tire first
contacts the sensor to the time at which the tire first begins to 1lift

off the sensor.

The velocity during the interval of time when the tire comes
off the sensor can be acquired. Referring to Figure 6¢c, extraction of
the time duration ty-t; permits vehicle velocity v to be determined
from the known length L of a sensor using the relationship

= l/(tz—tl). The difference of velocities together with the known
time interval between acquiring the velocities can be used to compute
the vehicle acceleration or deceleration and, if desired, to estimate
a correction to the measured forces using Newton's laws of mechanics.
The correction to measured force can be considerable, even at driveway
speeds, e.g., if a driver suddenly applies the brakes. The corrected
forces can be used in any of the modes of data reduction disclosed in
this patent application. Alternatively, it may be desired to simply
detect the presence of excess acceleration or deceleration, recognize

" that the prediction will be adversely affected, and accordingly reject
the measurement.

As discussed, the sensor array disclosed herein permits
velocity to be determined based on the time duration of signal as a
vehicle covers or uncovers a sensor of the array. Table 2 lists

values of ‘'vehicle velocity determined by the above technique.

| THIS SHEET HAS BEEN
_REPLAGED




Hi ghway engi neers commonly assune that the contact pressure o
f oot print of TaisSheeEHds BesdRiepltedn and equal in magnitude to the

pressure of th hek et al, "Experinmental Determn
Pressure Distri [ ruck Tire-Pavenent Contact," Trahs

Record 1070, p - 19 -

F?PM@MENT SHEET

DOAGEEQNgg7

Table 2

Experimental Values of Vehicle Velocity Sensed Fronm
Transient Force Data (Sensor Length of 1-7/16 inch)

Tire Pressure Velocity (fps)
Vehicle (psi) on off
Saab 12 3.32 3.37
Saab 28 4.33 4.33
Saab 38 3.27 3.45
Pontiac 12 4.55 4.69
Pontiac 29 4.66 4.99
Pontiac 38 3.88 4.39

The next example illustrates the application of Eq. (20)
using test data.

Example 4. Dynamic measurement of footprint forces and

the extraction of pseudopressure

The sensor array and readout of Example 1 was automated with
a digital data logging system consisting of a LeCroy Model 8212A
waveform digitizer with Model 8800A 32K by 12-bit memory having a
maximum sampling rate of 100 kHz on one active channel and up to 5 kHz
simultaneous sampling on 32 channels. The acquired data was trans-
mitted via a Model 8301 GPIB Instrument Controller to a Compaq 386SX
computer equipped with an Intel 80287 math coprocessor, a 40 Mbyte
hard disk drive, and Asyst software.from which waterfall, axocnometric,

and contour plots could be computed and displayed.

Figure 7 illustrates the dynamically-acquired tire-footprint
force-distribution for a tire of normal inflation. 1In the axonometric
Plots, force (in arbitrary units) is represented on the vertical axis
and time (in arbitrary units) is represented on a horizontal axis for
each of the eight sensor channels. The appearance of the contour plot
in Figure 7(c) is very typical of a normally inflated tire (one peak
or bull's-eye pattern). Figure 8 displays corresponding plots for an
underinflated tire. The pattern of twin peaks (catseyes) is very
typical of an underinflated tire.
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Table 3 compares the sensor force readings channel by channel
for data acquired statically (vehicle at rest on the sensors) versus

- 20 -

data acquired dynamically (vehicle passing over the sensors). It can
be seen that the readings are comparable for a given tire pressure
regardless of whether the vehicle 1s at rest or in motion (at approxi-
mately constant velocity).

From the above it is apparent that tire footprint data can be
acquired even though the vehicle is in motion.
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Additional data were acquired dynamically using a treadless
racing slick (Mickey Thompson ET Drag 26.0/8.5-15) mounted on the
right rear wheel of a 1990 Pontiac Grand Prix LE passenger car. The
vehicle was driven over the sensor array described in Example 1 a
number of times at each of seven levels of tire inflation pressure

spanning the range from about 5 psi to 38 psi. Vehicle velocity was
nominally constant in the range of 3 to 5 mph. Time resolved data on
the eight sensor channels was collected and processed using Eq. (20)'
with the results as displayed in Figure 9. Diagonal line 2 represents
parity under the idealized condition that tire inflation pressure has
the same magnitude as the pseundopressure under all conditions. The
plotted points are computed from Eq. (20).

" No correction has been applied for sensor readings falling at
the tire edges where incomplete sensor coverage usually occurs. More
narrow sensors can be used to reduce the area source of error.
Alternatively, an edge correction can be made. It will be understood

that the present system is not optimized and can be further improved.

Additional tests using a treaded tire yield similar results
to those shown in Figure 9 except that more scatter is present.
Longer sensors may be used to average over a greater area of tread to
reduce the scatter. Alternatively, one or more additional lines of
sensors can be deployed in parallel arrangement with the first line of
sensors for the same purpose. Staggering the additional sensors will
permit further reduction of the scatter.

In summary, this example contributes another means of data
reduction whereby the array of load cells can be used to infer pseudo-

pressure as a measure of tire pressure.

It is noted that difference in pseudopressure from one tire
to another can be used to detect a variance in tire inflation as a
warning that one or another tire needs inspection. Used in this
manner the system need not be absolutely calibrated to read actual
tire pressure. Likewise, other features as well as inferred values of
tire pressure can be used in similar comparative fashion, if desired.
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These values can be determined by any of the methods discussed above

or below.

Neural Network Recognition of Tire Patterns

Neural networks are a computational method capable of learn-
ing patterns inherent in data by a process of supervised training.
The trained networks subsequently can be used to classify data inputs
not previously presented to the network. See, for example, Parallel
Distributed Processing, Vol. 1. Foundations (1988) Rummelhart, D. E.
and McClelland, J. L., MIT Press, Cambridge, MA and Neural Works
Professional IY: Users Guide. Vol. 1 Neural Computing, October 1989,
Published by Neural Ware, Inc., Pittsburgh, PA.

It is not likely that the tire, when driven onto the array of
load cells, will be phased exactly on the load cells. That is,
misalignment may be introduced at the edges of the tire due to partial
coverage of the load cells located at the tire edges. Also, the width
of the tire footprint may be incommensurate with the width of the
sensor array. These and other non-idealities tend to give the force
distribution a complex appearance. The next example illustrates how
the complex patterns of force distribution may be successfully inter-

preted using a neural network.

" A neural network having feed forward architecture, see Figure
10, was defined. The network consists of three layers of artificial
neurons connected from layer to layer by adjustable weights. A bias
cell having constant unit output is connected by adjustable weights to
the artificial neurons of the hidden layer and output layer. Data are
fed to the artificial neurons of the input layer and representing
reduced force. At the start of the network training process the
weights in the network are assigned randomly chosen values.

For example, the weight connecting neuron 1 to neuron 8 is
labeled wgj, the weight connecting neuron 6 to neuron 9 is labeled
wgg, etc. The weighted inputs to a neuron j in the hidden or output
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layer of the network are summed according to the following expression

to yield a value denoted Nets.

NEtj = § Wjioi (44)

where 04 is the output of the ith neuron in the layer below, wyy is
the weight connecting from neuron i to neuron j. Output for any
neuron in the input layer is the same as its input. Output for any
neuron in the hidden layer is nonlinearly remapped into the range from
0 to 1 using the sigmoidal function, as follows: '

Outy = (45)

1
1+exp(—-Nety)

~ Initially the output inflation A of the neuron in the output
layer of the network, in response to a (vector) input of values
impressed upon the input layer, has a value that deviates widely from
the correct value of A associated with those inputs. 1Using a training
set of input vectors, each with its associated parameter A, each
member of the set having been randomly denerated as describ_ed
previously, the weights of the network are adjusted to yield a least
sguares error over the ensemble. This optimization may be carried out
in any of various ways known to one skilled in the art.

Example 5. Neural network trained on experimental tire data

The linear array of eight load cell sensors described in
Exah:ple 1 was employed to detect force distribution across the foot-
print for the vehicle/tire combinations listed in Table 4. The data
were obtained along a meridian of the tire with the vehicle at rest .
over the sensors such that a mid~footprint force reading was dis-
played. A total of 35 tests were run in which the tire inflation
pressure ranged from less than 40% to more than 130% of the car
manufacturer's recommended normal inflation. Each test resulted in a
set of force readings which were normalized by a uniform constant
value and made the input values to a neural network having an input
layer of six neurons, a hidden layer of four neurons, and a.single
output layer (see Figure 10). The number of load cell sensors in
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contact with a tire varied from test to test. The actual inflation
pressure, normalized, provided the target output during training of
the net.

Following training the inputs from the training sets were fed
to the network and the recalled inflation pressure, i.e., the network
output, suitably unnormalized, was noted and plotted, resulting in the
parity plot of Figure 11. It can be seen from the figure that the net
learnéd to recognize the patterns of the training set to a high
precision (ratic of standard deviation to mean of about 2%). When a
neural network was configured using three neurons in the hidden layer,
the learning was somewhat degraded (ratio of standard deviation to
mean of about 4%).

_ By training a neural network with representative numbers and
types of tires and vehicles, the network may be used to infer the
pressure of tires it has not been téught previously. It will also be
understood that the neural network possesses the ability to classify
patterns of force distribution in the presence of noise contributed by
tread variations, unknown degree of phasing, incommensurate tire width
relative to sensor layout, etc. The trained network/sensor system can

be used for automated measurement of tire pressure as a convenience to

drivers.
Table 4
Test Vehicles And res (Right Front Whee
Normal
Inflation
Vehicle Tire I.D. —(psi)
Saab 900 Turbo Pirelli MXV 195/60 R15-87H 27
BMW Pirelli P600 205/55 VR15 33
Ford Festiva LX Yokohama 165/70 SR12 29

Although the primary intent is to define a system having
stand alone capability it should be understood that the system and
process disclosed herein may be used in conjunction with externally

provided information to achieve their operation, e.g., knowledge of
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tire type, vehicle type, vehicle 1loading, or other data. Such
information may allow selection of a particular neural network having
specialized training to perform the decision making function required

glven |nstant

to practice the invention.

A single array of sensors can serve to acquire signals from
front and rear tires of a vehicle that passes over the array.

Skewness of the footprint about the wvehicle direction of
motion may be used to correct the footprint readings when a vehicle

passes obliquely across the array of sensors.

The system and process can also function as a counter of
vehiclés passing by a fixed site. This functionality may be achieved,
for example, by actuating a counter that records the number of times

that a sensor transmits the onset of a force vs. time signature.

Example 6. Neural network trained on features

extracted from experimental data

The performance of a neural network of the type described in
Example 5 in predicting the tire pressure for a vehicle/tire not
included in the training data is less accurate than the recall
accuracy illustrated in Figure 1l. I have found that a more accurate
. prediction can be made by extracting characteristic features from the
raw force data and using these features as the inputs to a neural
network. The characteristic features are desirably insensitive
to phasing of a given tire relative to the sensors. These character-
istics may be determined by measuring the footprint force distribution
for a given tire. Then a characteristic feature is computed from the
distribution. The feature is then redetermined for the same tire by
repeating the test with another phased position. If the computed
feature remains reasonably constant over a number of such tests, then
that feature may be used to train the neural net. A number of such
features have been identified, as discussed below.
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Pseudopressure PS defined previously (see Equation 20)
furnishes a useful feature. Using a 20 cell array of contiguous 0.5
inch wide sensors, the pseudopressure is reproducible with average
standard deviation of 3.5% on treaded tires. The ratio PT/PS of tire
pressure PT to pseudopressure PS typically varies over a rather narrow

28 FEB 1997
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range from about 0.33 to 0.67. A neural network can be trained to a
target output of PT/PS rather than PT in which case the network
computes a correction factor having a limited range of variability.

It is found that SF the summation of forces over the active
sensors at midpoint in time of a footprint data pulse serves as

another suitable feature.

= (Z Fide (tm = midpoint time) (21)
i m

The midpoint time is conveniently defined in terms of the
longest data trace which, in turn, corresponds to a trace from near
the meriodional center of the tire. The corresponding force values

are referred to below as the midpoint slice data or slice data.

Another characteristic feature is furnished by a measure of
midpoint pressure PO. PO is conveniently extracted from the slice
data as an average over a number of centrally located sensors. For
example, using sensors of 0.5 inch width the number of active sensors
typically range from 8 to 12 in number. Discarding the readings from
the three outermost active sensors on both sides of the footprint
results in averaging over 2 to 6 cells to yield a value of PO. The
value of PO is suitably reproducible from run to run.

Another feature having utility in this work is WF or force-
width, defined by the following.

LiRy
ZFj

1= (22)
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22( 1"1)F 'i (23)
IFy

WF =

i given by Eq. (22) defines the force-weighted center of the
individual force value in the slice data. i is the sensor number with
numbering defined sequentially from one end of the sensor array to the
other. Thus, i represents the position of the center in units of
sensor widths. Eq. (23) for WF defines a width of the force distribu-

tion, hence a measure of the tire width.

Table 5 lists data from repeat runs illustrating the relative

invariance of these various measures.

Table 5

Reproducibilit? of Features
Pontiac Grand Prix - Goodrich P205/65R15

= 29,0 psi
PO
Run (arbitrary PS wF SF
Number units) (psi) (dimensionless) (ib)
1 26.8 46.4 6.24 336
2 25.1 44.9 6.23 331
3 26.7 46.3 5.90 314
4 25.7 45.4 6.26 327
5 26.3 45.7 6.24 328
) 25.8 47.3 6.23 3286
7 25.6 45.3 5.32 275
8 25.2 44.8 5.25 271
9 25.6 45.8 6.28 329
10 25.5 45.5 6.18 323
11 25.4 45.3 6.19 331
12 25.3 47.8 5.48 300
Average 25.75 45.97 5.98 315.8
sStd. Dev. 0.54 0.87 0.38 21.2
Ratio, % 2.0 1.9 6.4 6.7

The bottom line of the table lists the ratio of standard deviation to
average value for each of the four features. Both PO and PS are

reproducible to 2.0% or better (one sigma). WF and SF exhibit a
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A feature data base was established using data acquired from
the footprints of front and rear right tires of seven vehicles. Three
or more repeat readings were acquired at each of four inflation
pressures (37.7, 29.0, 24.7, 11.6 psi). A list of vehicles and tires
is given in Table &. .

Table 6

Data Base Vehicles and Tires

Vehicle Tire Brand : Tire Designation
Nissan Sedan '87 Michelin 155/80R13 M&S
Ford Tempo Invicta 185/70R14
Saab Turbo '8S Goodyear 195/60HR15 M&S
Chevy Cav. Wagon '86 Firestone 195/70R13 M&S
Pontiac GP '90 Goodrich 205/65R15
Ford Taurus '90 Firestone 205/70R14 M&S
Ford sStarcraft Van Sears All Season 225/75R15

A three layer neural network was configured having an equal
number of artificial neurons in the input layer and in the hidden
layer, and one neuron in the output layer. The sigmoidal transfer
function was employed in all but the input neurons. 2 bias neuron
having unit output was connected by variable weights to the neurons of
the hidden and output layers.

Weights of the network were determined to minimize error over
a training set consisting, for example, of 136 data vectors and their
associated target pressure values (the tire inflation pressures). The
Nissan sedan was excluded from this test set. The accuracy of the
trained network in recalling the target pressures is illustrated in
Figure 12. The root-mean-square ratio of deviation to mean pressure
was 1l.7% over the training set.

The Nissan sedan, which the network/sensor had not previously
seen, was then tested. The predicted pressures are listed in Table 7
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wherein it can be seen that the neural network produces a reascnable
estimation of the actual tire pressures. By including more vehicles
in the data base the accuracy of the method can be further improved.

Table 7

Neural Network Predictions of

Nissan Sedan Front Tire Pressures

Actual Inflation Predicted
Pressures, psi Pressure S

1l.6 11.8

11.6 12.2

11.8 11.8

24.7 25.7

24.7 22.2

24,7 23.9

29.0 31.5

29.0 28.9

29.0 30.2

THIS SHEET HAS BEEN
REPLACED




whi I'e the | oadi ng changes with time. In the special case that

the tire is

treadl ess the felkill BRgBLRAREPTE exact Equton (20) expresses

exclusively in rabl e paranmeters. Sel ection of tj
rat her than ti mﬂl%m Umﬁlgr to FIG 6c¢) for use in the equyatfion consti-
tutes an inport e e t[err] {reasures the aura- 28 FEB 1997

REPEACEMENT SHEET

T eT TS

CLAIMS:

1. A system for determining the pressure of a

pneumatic

vehicular tire while mounted on the wheel of a vehicle and/or the

velocity of the vehicle, comprising:

a. an array of load sensors arranged to provide a

pattern of.

the force distribution data exerted by said tire in contact with said

sensors along a line across the width of said tire; and

b. a computer which is programmed to determine
pressure and/or velocity from said force distribution data.

said tire

2. A system as claimed in claim 1, wherein said load sensors

are strain gages or piezoelectric and/or piezoresistance films.

3. A system as claimed 'in claim 1 or 2, wherein said
computer is arranged to filter said force distribution data.

4. 1A system as claimed in any preceding claim, wherein said

computer is arranged to decompose said force distribution data into

symmetrical and unsymmetrical parts in order to determine measures of
tire pressure.

5. A system as claimed in claim 1, 2 or 3, wherein said
computer is arranged to use said force distribution data to determine
a mean contact pressure.

6. A system as claimed in any preceding claim, wherein said

computer is arranged to determine tire pressure by neural network
recognition.

7. A system as claimed in claim 6, wherein said neural
network is arranged to be trained on inputs that are insensitive to
the position of tire on said sensors. .
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tioh of tinme fromthe instant the tire first contacts the selj to—the :
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8. A system as claimed in claim 7, wherein said neural
network is arranged to be trained on pseudopressure, summation of
forces, midpoint pressure, and force-width data.

9. A system as claimed in any one of claims 1 to 3, wherein
differences in the pattern of forces are used to indicate differences
in the inflation pressure of tires.

10. A method of determining the pressure of a pneumatic
vehicular tire while mounted on the wheel of a vehicle and/or the
velocity of the vehicle, comprising:

a. providing a pattern of the force distribution data
exerted by the tire in contact with an array of load sensors along a

line across the width of said tire; and

b. determining said tire pressure and/or velocity from said
force distribution data.
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"DE INING PNEUMATIC PRESS AND VEH VELOCITY"™

ABRSTRACT

For indicating tire inflation and/or vehicle velocity, an
array of strain gage sensors installed in a driveway or the like is
used to determine the distribution of contact forces along the width
of a pneumatic tire. 2 neural network may be employed to classify the
patterns of force sensed in this manner. Additional processing of the

data permits vehicle velocity to also be determined.

(FIGURE 1)
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ence of velocities together with the known tine interval between acquiring

the velocities can be used to com pute the vehicle accelerati T : -

decel eratlowed——fo estimate a correction to the WENT SHEET

forces using Newton's [aws of nechanics. The correction to megsured force
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speeds, e.g., if a driver suddenly applies the brakes. Th
can be used in any of the nodes of data reduction disclose
application. Alterna- tively, it nmay be desired to sinply
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TABLE 2 Experimental Values of Vehicle Velocity Sensed From rEnt—e~m
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pling rate of 100 kHz on one active channel and up to 5 kHz si
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matérfall, axononetric, and contour plots could be conmputed and di spl ayed.
FIG 7(a) through 7(c) illustrate the dyam cally- acquired tgf 3
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time (in arbitrary units) is represented on a horizontal axi
the ei ght sensor channels. The appear- ance of the contour pf

7(c) is very typical of a nornmally inflated tire (one peak o
pattern). FI.G 8(a) throug di spl ay corresponding plots
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seyes) is very typical of an underinflated tire. Table 3 conpares the
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TIRE INFLATION AND VELOCITY SENSOR

BACKGROUND OF THE INVENTION

The present invention is a system for determining
pressure of a pneumatic tire mounted on a vehicle. An-
other objective is to determine the degree of road

- contact of a tire as a guide to determining appropriate
tire pressure. The same system measures vehicle veloc-
ity.

Pneumatic tires for carrying vehicles should be main-
tained at the proper pressure in order to achieve opti-
mum conditions for either safety, comfort, road han-
dling, fuel economy, and longer tire wear, or combina-

— tions thereof. _

An under-inflated tire primarily bears its load at the
shoulders of the tread, in which case its road-engage-
ment pattern is somewhat concave between those shoul-
ders. Under such conditions continued use of the tire
over the road causes excessive wear at the shoulders,
because an appropriate frictional contact in the central
portion is not maintained. This results in less than nor-
mal lifetime and obviously uneven wear. Alternatively,
an over-inflated tire sustains considerable wear in the
central tread area between the shoulders, and less-than-
normal wear at the shoulder portions. Either situation -
results in wastefulness, since the total potential of the
tire is not being used. In other instances, there is a
greater tendency to skid or slide. In addition, undue
stresses and strains, particularly in the instance of under-
inflation, are applied to the sidewalls of the tire carcass,
causing it to deteriorate before its time.

Tire manufacturers provide specifications for the
operation of tires. Automobile manufacturers also spec-
ify tire inflation characteristics. However, both of these
specifications, even if followed religiously, do not nec-
essarily mean that the tire-operating condition is partic-
ularly correct for that tire on that vehicle. The ideal
conditions, therefore, will be seen 10 exist when the air

-pressure in the particular tire is just sufficient to pro-

duce full road-engagement contact across the entire
‘width of the tread, so that the weight of the car is borne

equally in the road-engagement area between the shoul-

ders and across the central portion of the tire. Under

such circumstances the tire tread will wear evenly, and

the tread life and maximum sat’cty results from maxi-

mum gripping or friction of the tire on the roadway. ~ -
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In the past, vehicle operators or gas station
have to some degree relied on visual inspection of the
tire under a load to appraise inflation. A tire wearing

too much at the shoulders becomes bald therearound
due to the under-inflation of the tire. However, when
the bald condition is visible or observable, it may al-.
ready be too late to do much to rectify the situation.
Contrariwise, the over-inflated tire bears the load in the
mid-portion of the tread where wear rapidly occurs due
to the fact that the share of the load being borne by the
particular tire is distributed over too small a central"
road-engagement area at the tread, whereupon a bald
strip soon appears around the casing. When such a situa-
tion is to be appraised visually, there is likely to have
been such excessive mid-tread wear that the casing may
have nearly lived out its operating life. Of course, such
determinations are affected by differences in the load
borne by a tire. For example, where a vehicle is oper-
ated normally with a driver and one passenger, one
condition exists. When it is caused to bear two or three
extra passengers and, possibly, luggage and other loads,

" the conditions change markedly, and an adjustment in
tire pressure should be made.

Alternatively, the operator of a vehicle may desire a
softer more cushioned ride attendant to under-inflation.
Or the operator may desire to over-inflate the tires to
achieve more responsive steering and increased fuel
economy in operating the vehicle. This invention pro-
vides 2 means to indicate any inflation condition.

In the prior art the U.S. Pat. No. 3,973,436 (Aug. 10,
1976) of G. H. Lenderman discloses 2 tire inflation
appraisal apparatus consisting of a linear array of spring
loaded lever arms proposed to detect and amplify the
profile shape of a tire resting on the array. An operator
is required outside the vehicle to observe the visual
pattern formed by the ends of the tilted levers. The
present invention yields several improvements over the
Lenderman concept: the data can be acquired whether
the vehicle is in motion or not; the sensing means is
more accurate; human involvement and judgmnent are
not required; the raw data is collected as electrical sig-
nals which are well suited for data processing and ex-
traction of informational content using a digital com-
puter; advanced pattern recognition methodology can

~ be employed, c.g., a neural network that can be conve-
niently trained and used to interpret the readings. Vehi-
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cle velocity can be measured concomitantly with ti T
inflation. The display of the read out pattern is more
convenient, e.g., as graphic and alphanumerics on a
computer driven display screen or as a printed report.
The data processing feature of this invention is particu-

larly important as the pattern generated by the raw data
is often complex and its meaning recondite. :

SUMMARY OF THE PRESENT INVENTION

The present invention is a system that will indicate
the pressure of a pneumatic tire conveniently and
quickly. Another objective is to determine the goodness
of road contact. Vehicle velocity can also be detected
‘and indicated. The system includes an array of load
sensors that provides a pattern of the force distribution

~exerted by the tire, e.g., a2 linear array of semsors in
contact with the tire along a line across the width of the
tire. The force distribution is analyzed by a computer
which is programmed to determine the tire pressure.
The analysis is substantially independent of the make or
model of the tire or vehicle. The determined pressure is
then displayed, for example, on a screen or in printed
form. The screen may be electronic such as a cathode
ray tube.

The tire pressure may be determined by the system of
the present invention by 2 decomposition method (see
Example 3). The tire pressure may also be determined
by an analysis technique referred to as pseudopressure

. (see Example 4). Finally, the tire pressure may be deter-
mined by the system using neural networks (see Exam-
ples 5 and 6).

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows a tire sensor for the driveway.

FIG. 2(a) shows a perspective view of an experimen-
tal linear array of load cell sensors.

FIG. 2(5) shows a cross-sectional view of the load
sensors of FIG. 2(a).

FIG. 3 shows how tire shape and contact pressure are
related to tire inflation pressure.

FIG. 3(a) shows overinflation and FIG. 3(5) shows
underinflation.

FIGS. 4A through 4E show thc contact force distri--
bution for data of Table 1.

FIG. S shows the symmetrical component of the
force distributions of FIG. 4.
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FIG. 6(a) shows a schematic illustration of tire fodt-
print illustrating strips having width w of the load cell
sensors x is the direction of vehicle motion.

FIG. 6(b) shows an illustration of square-wave con-
tact-pressure distribution along a strip of length L. 1is
Iength of sensor face.

FIG. 6(c) shows an illustration of trapezoidal contact

pressure distribution due to sampling by the finite size -

sensor.

FIGS. 7(a—c) show the dynamically acquired tire-
footprint-forces with tire pressure of 29 psi (Mercury
Topaz). FIG. 7(a) shows an axonometric side view.
FIG. 7(b) shows an axonometric rotated view. FIG.
%(c) shows a contour plot.

~— _FIGS. 8(a~¢) show a dynamically acquired tire-foot-.

print-forces with tire pressure of 25 psi (Mercury To-
paz). FIG. 8(a) shows an axonometric side view. FIG.
8(b) shows an axonometric rotated. FIG. 8(c) shows a
contour plot.

FIG. 9 shows the pseudopressure determined from
dynamic footprint measurements vs. tire pressure.

FIG. 10 shows a neural network to determine tire
inflation. ,

FIG. 11 shows a neural network performance in rec-
ognizing experimental tire infiation (recall of 38 training
sets).

FIG. 12 shows neural network performance for the
input data in Example 6.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention is a system for measuring tire
pressurc. The system is non-intrusive and functions
substantially independent of make and model of the tire
and vehicle.

The problem may be described as follows. The tire

- provides input to the sensors which provide data to the

computer which processes the data to provide an output
pressure. Although the data may be mpetfect (as will
- be explained below), a reliable output is desired. The
present system closely achieves that reliable output.
The present system will preferably be operated on the
premises of a gasoline service station, e.g., in a driveway
adjacent to a gasoline service pump. The sensors will
typically be located in the driveway area (FIG. 1). The
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Usmg flat detectors such as pxezoclectnc or pxezorsxs-
tive polymer film the sensors may be embedded in a thin
mat.

FIGS. 2A and 2B show diagrams of the sensors em-
bedded in the driveway. FIG. 2A is a perspective view
and FIG. 2B is a cross-sectional view. The sensors 2 are
located in a pit liner 4 embedded in the driveway 10.
The sensitive area 6 of the sensors 2 is covered by an
elastomeric layer 8. The vehicle motion is in the direc-
tion of the arrow 12.

FIG. 3a shows the profile tendency of a tire that is
overinfiated. FIG. 35 shows the profile tendency of a
tire that is under-inflated. At proper inflation to provide
maximum traction it is believed that the tire should be in

‘uniform force contact with the horizontal all across the

profile.
EXAMPLE 1

Influence of tire pressure on force distribution

A. sensor array was fabricated incorporating eight
strain gage load cells arranged in a linear array and
installed in a driveway pit as depicted in FIG. 2. The

" load cells used were the Model SP single point com-

pression type obtained from Seansotec, Columbus, Ohio.
Load is applied over the horizontal | 7/16 inch by 1
5/32 inch face of a cantilevered aluminum beam fitted
with a foil strain gage that is temperature compensated
from 30° F. to 130° F. Non-linearity stated by the manu-
facturer is #+0.03% of full scale reading. The full scale
rating is 100 Ib. with 50% overload permissible. Manual
readout of the force detected by any one of the sensors
was accomplished, when desired, using the Model
SA-10 multi-channel electronic package supplied by the
same manufacturer. The same package supplied 10 volt
DC excitation to the load cells. Dead weights of 50 and
100 1bs. were used to check the calibration of the indi-
vidual load cells from time to time.

The cantilevered beams were mounted in alternating
staggered fashion so thai the load cell faces were lo-
cated contiguously with approximately 1/16 inch spac-
ing, the 1 7/16 inch dimension defining the length of the
sensor face along the direction of vehicular motion, and
with the 1 5/32 inch dimension oriented along the trans-
verse direction of a tire. The total width of the sensor
array measured about 9 3/4 inches.
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Tests were conducted using a three door 1985 Saab
Turbo passenger vehicle equipped with Pirelli
195/60/R15 tires on the front wheels. In these tests the
load cells were mounted nominally flush with the drive-
way. FIGS. 4A through 4E display the resultant distri-
bution of forces for tests in which tire pressure was set
at 12, 20, 29, 33 and 38 psi. These data are tabulated in
Table 1. The vehicle manufacturer’s recommended
inflation pressure is 27 to 29 psi.

TABLE 1

Contact Force Distribution of Pirelli 195/60 R15
Radial Tire at Various Tire Inflation Pressures

Units of Force (b.)
Sensor Tire Inflation Pressure, psi

_ Number 12 20 29 33 33
1 0 0 0 4] )
2 63.7 79.6 86.3 83.8 9
3 32.1 569 772 87.7 98.0
4 2382 55.9 739 920 105.1
5 410 63.7 832 93.7 1039
6 68.4 89.9 102.9 1082 1129
7 0o 0 0 ] R
3

0 o ) 0 0

From FIGS. 4A through 4E it can be seen that
contact force of the under-inflated tire (12 psi or 20 psi)
is minimum at the center. At a normal tire inflation
pressure (29 psi) the forces tend to be more uniformly .
distributed over the sensors. The overinflated tire (33
psi or 38 psi) presents a more complex pattern, sugges-
tive with the idealization of an overinflated tire.

It will be appreciated that noise sources are present
that tend to scatter the sensed force values. These in-
clude: sensor offset and scale factor variations, incom-
mensurability of tire width and sensors width, variation
in position of tire relative to the sensors (phasing), and
variation of tread pattern in contact with the sensors,
e.g-, due to tire angular displacement. Example 2 illus-
trates the reduction of noise by filtration of the signals.

EXAMPLE 2

Filtration to reduce noise

Consider the case when tread gaps in the tire are
smaller in scale than the dimension of the sensor faces
and accordingly are 2 source of high spatial frequency
noise that tends to degrade the information contained in
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the sensed force distribution. This example illustrates
the reduction of said noise using Fourier filtration and is
a preliminary to Example 3.

Thus, the discrete force values in the distributions of
Example 1 will be decomposed into harmonic compo-
nents using the discrete Fourier transform. See, for
example, Bracewell, R., “The Fourier Transform and
its Applications”, 2nd Edn., 1978, McGraw-Hill, Inc
New York, Chapter 18.

General expressions for the transform and its inverse
can be written in matrix form as follows:

o= w.."L (6)]
= V.-;L ) @

where f is the vector of forces detected by the array of
sensors, n=N} where N is the number of sensors in
forceful contact with the tire, and tf is the discrete Fou-
rier transform of f. The matrices W and V are defined in
terms of w, the Nth root of unity.

we=exp(2ei/N) : - @
where i is the square root of minus one.

ug-,k-# j=0,12, ..., N—1 @

Vikmw—k =012, ..., N~} )

For the data of Examplie 1, N has the numerical value of
5. The corrspondmg force vectors may be written as

follows:
6.7 79.6 7] ™ 863
2.t 56.9 | ma2
SO =] 282 P =} ss9 P =| 189
41.0 63.7 ] 832
-68-4.J (899 | 102.9 _|
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Transformation of the forces using Eq. 1 results in the
following spectra:
B 10438 ™
17.339 — 18.904/
4P =] 1689~ a9
- 1.689 + 4.098/ )
. 17.339 + 18.304 | :

154.736
12614 — 16086/
4P =| ~0986 - 3357
—0.986 + 357
| 12.614 + 16.0867

3 191.631
4.835 — 12,061
D = | —a165 - 4971
| -4.165 + 4927;

4.835 + 12.0617 |

- -

208.133
—2.638 — 9.1667
8 =l ~7.738 — 4.666¢
~7.738 + 4666/
| ~2.638 + 9.166/ |

B 23517
—~10.739 — 6.022f
é” =] ~11.689 —

-11.689 + 4.427¢
| =10.739 + 6.022/ _|
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Intheabovespectm,theredvaluedamphmderepre-“ -
sents mean force, the next compounent specifies ampli-
tude and phase of the first harmonic, and the middle
component specifies amplitude and phase of the second,
or highest harmonic. The last components are complex
conjugate to the first and second components. It will be
supposed that the highest harmonic is the most repre-
sentative of noise and can be beneficially filtered. Set-
ting these coefficients to zero the spectra then become:

3 10438 ®
17.339 — 18.804i '
- = 0
0
| 17.339 4 18.804i _|

154.736
12.614 — 16.086;
P= 0

0

| 12614 + 16.0867 _

191.631
4835 — 12061
P = 0

o

| 4.835 + 12,0617 _

208.133 7]
—2.638 — 9.166/
=] o
0
| —2.638 4+ 9.1667 _|

B 23517

: ~10.739 — 6022
§ = 0

0

| —10.739 + 6022 _
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“The above low pass spectra may be inverted using Eqg.
2 to yield the filtered force data. With a redefinition of

symbols these are:
62.189 ~80.482 ] o005 @
_ 35417 59.003 76777
V=] 24248 § D ] 51616 | O =] 75861
44.019 68.529 88.542
|_67.468 _ | 8637 _ | 97.296 _
" 90.72 7] ™ 90.355 7]
: 84.55¢ 91.869
- M =] %017 | =] 104565
99.808 110.897
| 100.148 _| - Lioz114 |

The data, having now been filtered, are in better
condition to be decomposed into a measure of inflation.
A particular technique to achieve the decomposition is
illustrated in the following example.

EXAMPLE 3
Decomposition yielding a graphical measure of
" inflati

The footprint of 2 new or uniformly worn tire is
assumed to be symmetric about its center line. Any
deviation from symmetry may be regarded as an extra-
neous component of the signal. Any distribation (repre-
sented by vector) f baving N components f; where
i=0,1,2, . . . (N—1) can be decomposed into the sum of
a symmetrical or even part fe an an unsymmetrical

odd part fo as follows: '
f=fe+fo (10
where
Ser= Wit fiv-1d | an

Sormfi—EN—-1.) | a2
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This decomposition is valid whether N is an even or
odd integer. The even part fe is associated with tire

inflation. The filtered data, Eqs. 9 of Example 2 when
decomposed yicld the following even and odd compo-
nent vectors.
~64.83 7] 8343 793.66 7] a3
39.75 63.77 82.66
JED = | 2225 fl(z) = | 51.62 ﬁa’ = | 75.86
».1s | 63.77 82.66
| 64.83 _ | 8343 _ | 93.66 |
9543 7] " 96.23 ]
- . 92.18 101.38
9 =] 9.17 | ff) = | 10457
92.18 101.38
95.43 | 96.23 _|
[ —2.64 7] - —2.94 7] " —3.64 ]
—427 —4.76 —5.88
=1 o P =1 o D =! o
427 476 | 5.8
| 264 | 294 | 3.64 ]
—4.71 7] - —5.88 7]
~7.63 ~9.5t
fa«) == 0 ﬁ(S) - (4]
7.63 ' 9.51
L 471 _ | 5.88 _

FIG. § shows that the individual even curves are well
ordered with the tire inflation pressure as parameter.
The deviation from flatness of the curves in FIG. §
provides a measure of the goodness of road contact.
Mean contact pressure (pseudopressure)

Highway engineers commonly assume that the
contact pressure aver the footprint of a tire is uniform
and equal in magnitude to the inflation pressure of the
tire (K. Marshek et al, “Experimental Determination of
Pressure Distribution of Truck Tire-Pavement
Contact,” Transportation Record 1070, pp. 9-14, 1987).
The actual pressure distribution deviates considerably
from the uniform pressure model. While a planar array -
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of force sensors provides a means to measure the distri-
bution of forces statically or dynamically, i.e., with the
tire at rest and in contact with the planar array or as the
vehicle moves aver the array, in the following we dis-
cuss the use of a linear array. Two dimensional arrays
may also be used. However, a linear array should be
more economical to provide. The linear array of load
cells provides 2 means to measure the distribution of
contact pressure in real time as a vehicle passes over the
array.

Thus, when a vehicle passes over 2 linear array each
sensor in the array experiences a time-varying applied
force. The time dependent data can be used as discussed
below to compute a mean contact pressure or
pseudopressure. The pseudopressure may be used by
tself or in combination with other measures to infer the
tire inflation pressure.

FIG. 6cillustrates schematica]ly the time dependence
of force, F(t), anticipated for a given sensor for a vehi-
clemovmgatvelocxtyvnftheactnalconmctprssurexs
umformly distributed as shown in FIG. 65. The time
trace is trapezoidal shaped having a plateau region of
nearly constant force with sides thatrampupanddown
(Refer to FIGS. 7a,b and 8a,5 for examples of experi-
mental time traces.) Thus, because the sensor has a finite
length 1 along the direction of vehicle motion a duration
of time of magnitude 1/v is required for the tire to cover
Or uncover a seasor.

Because contact pressure at a point varies drastically
within a footprint, and disappears in regions of tread
gap, we consider a local contact pressure P, defined as
the total force on an area having the size and shape of a
sensor face, divided by that area. Thus,

-8y | | )

whemwmsmsormdthandllssensorlength. At a
given instant of time the pseudopressure, denoted as P,
is given by

Total force
Py == Total area (13)
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where
Total force=X [PAA | a6
Total area=X [dA | | an

in which dA==wdx where x is distance along the vehi-
cle path of motion, assumed perpendicular to the linear
array, and the summation is taken over the number of

senso:scontacﬁedbythefootprmt. Subsumnngln(16)
- for P, using (14) and introducing dx=vdt gives

Total force = X5~ [Fdt . (18)
Total footprint area = wZdx a9
= wEL
= wiZn

where L is the local length of the footprint section at a
given sensor position, and t; is the corresponding time
duration of passage. Substituting (18) and (19) into (15)
and canceling the common factor v gives a result that is
independent of the vehicle velocity v. .

- | e

The transformation dx=vdt employed above represents -
a simplifying assumption. In fact, the portion of tread
that initially contacts a sensor face remains in place
while the loading changes with time. In the special case
that the tire is treadless the relationship becomes exact.
Equation (20) expresses P; exclusively in terms of
parameters. Selection of time tg, rather than -
time t3 (refer to FIG. 6c¢) for use in the equation consti- .
tutes an important feature. Time t; measures the dura-
tion of time from the instant the tire first contacts the
sensor to the time at which the tire first begins to lift off
the sensor.
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The velocity during the interval of time when the tire
comes off the sensor can be acquired. Referring to FIG.
6¢, extraction of the time duration t; —t; permits vehicle
velocity v to be determined from the known length 1 of
a sensor using the relationship v=1/(tz—t;). The differ-
ence of velocities together with the known time interval
between acquiring the velocities can be used to com-
pute the vehicle acceleration or deceleration and, if
desired, to estimate a correction to the measured forces
using Newton’s laws of mechanics. The correction to
measured force can be considerable, even at driveway
speeds, e.g., if a driver suddenly applies the brakes. The
corrected forces can be used in any of the modes of data
reduction disclosed in this patent application. Alterna-

“tively, it may be desired to simply detect the presence of

excess acceleration or deceleration, recognize that the
predictior will be adversely affected, and accordingly
reject the measurement.

*As discussed, the sensor array of this invention per-
mits velocity to be determined based on the time dura-
tion of signal as a vehicle covers or uncovers a sensor of
the array. Table 2 lists values of vehicle velocity deter-
mined by the above technique.

"TABLE 2
Experimeatal Values of Vehicle Velocity Sensed From
— Transient Force Data (Seasor Length of 1 7/16inch)
Tire Pressure Velocity (fos)
On - Off

Vehicle (esd)
Saab 12 332 3.37
Saab 23 4.33 433
Saab 38 3.27 345
Pontisc 12 ‘4,55 4.9
Pontiac 29 4.66 4.99
Pontiac 38 3.88 439

The next example illustrates the application of Eq.
(20) using test data.

'EXAMPLE 4

Dynamic measurement of footprint forces and the
extraction of pseudopressure

The sensor array and readout of Example 1 was auto-
mated with a digital data logging system consisting of 2



the force distribution_a S OMRLiEXa appear ance. The next exarBMLACEu’ENE&EET
how t he conpl ex ce distribution may be sucdegqstulTly
interpreted usin B‘m \Eﬂm \E rk. A neural network having fe?gn[]
architecture, see efined. The network consi g ree
LeCroy Model 8212A waveform digitizer with Model
8800A. 32K by 12-bit memory having a maximum sam-
pling rate of 100 kHz on one active Channel and up to 3
kHz simultanecus sampling on 32 chamnels. The ac-
quired data was traosmitted via a Model 8901 GPIB
Instrument Controller to a Compaq 386SX computer
equipped with an Intel 80287 math coprocessor, a 40
Mbyte hard disk drive, and Asyst software from which
waterfall, axonometric, and contour plots could be
computed and displayed.

FIG. 7(a) through T(c) illustrate the dynamically-
acquired tire-footprint force-distribution for a tire of
normal inflation. In the axonometric plots, force (in
arbitrary units) is represented on the vertical axis and

~time (in arbitrary units) is represented on a horizontal
axis for each of the eight sensor channels. The appear-
ance of the contour plot in FIG. 7(c) is very typical of
a normally inflated tire (one pea2k or bull’s-eye pattern).
FIG. 8(a) through 8(c) display corresponding plots for
an underinflated tire. The pattern of twin peaks (cat-
seyes) is very typical of an underinflated tire.

Table 3 compares the sensor force readings channel
by channel for data acquired statically (vehicle at rest
on the sensors) versus data acquired dynamically (vehi-
cle passing over the sensors). It can be seen that the
readings are comparable for a given tire pressure re-
gardless of whether the vehicle is at rest or in motion (at
approximately constant velocity).

From the above it is apparent that tire footprint data
can be acquired even though the vehicle is in motion.

—+

q
3

TABLE 3

Comparison Of Sensor Readings (Lbs. Force)
In Static Anad Dynamic Testings(®)

. Tire

Type of Pressure Sensor Number
Test (psi) 1 2 3 4 5 6 7 8§ =

* Static 25 30 331 316 301 272 Ss60 27 @ 9.7
Dynamic 25 00 337 378 339 283 555 217 O 2174
Dynamic 25 Q.0 353 386 327 255 515 M4 O 2080
Static 12 6.0 352 19.2 12.1 1.6 257 13.7 23 1258
Dyoamic 12 12.5 36.6 18.7 12.0 13.3 268 105 00 1304
Dynamic 12 8.3 30.5 1.7 . 114 13.0 280 122 00 1226

(IMercury Topaz, Right Front Wheel, Tigar TG615 185/70 R14




Ia{yers of artificial neurons connected fromlayer to |ayer byja
ghts. A bi éQBSEﬂeIHathnmgplaWStant unit output is connected}b

vvel ghts to the
Data are fed to

reduced force. At the

REPLA

neurons of the input layer andfr

iﬂ H rons of the hidden | ayer and out pu
ar of t he net -

16

Additional data were acquired dynamically using a
treadless racing slick (Hickey Thompson ET Drag
26.0/8.5-15) mounted on the right rear wheel of a2 1990
Pontiac Grand Prix LE passenger car. The vehicle was
driven over the sensor array described in Example 1 2
number of times at each of seven levels of tire inflation
pressure spanning the range from about § psi to 38 psi.
Vehicle velocity was nominally constant in the range of
3 to 5 mph. Time resolved data on the eight sensor
channels was collected and processed using Eq. (20)
with the results as displayed in FIG. 9. Diagonal line 2
represents parity under the idealized condition that tire
inflation pressure has the same magnitude as the
pseudopressure under all conditions. The plotted points
are computed from Eq. (20).

No correction has been applied for sensor readings
falling at the tire edges where tncomplete sensor cover-
age usually occurs. More narrow sensors can be osed to
reduce the area source of error. Alternatively, an edge
correction can be made. It will be understood that the
present system is not optimized and can be further im-
proved.

Additional tests using a treaded tire yield snnilar
:esuhsﬁothoseshovnlnxfﬂli!9emcept£hatznomescab
ter is present. Longer sensors may be used to average
over a greater area of tread to reduce the scatter. Alter-
natively, one or more additional lines of sensors can be
deployed in parallel arrangement with the first line of
sensors for the same purpose. Staggering the additional
sensors will permit further reduction of the scatter.

In summary, this example contributes another means
of data reduction whereby the array of load cells can be
uﬂﬂlﬂ:uﬁa:wmmdopnumuneasa:nanun:ofunEpnuk
sure.

It is noted that difference in pseudopressure from one
tire to another can be used to detect a variance in tire
inflation msa*wannng that one or another tire needs
inspection. Used in this manner the system need not be
absnhnehrcaﬁbnnedtoreadzunnalure;uesnne.Lda>
wise, other features as well as inferred values of tire
pressure can be used in similar comparative fashion, if
desired. These values can be determined by any of the
methods discussed above or below.

Neural Network Recognition of Tire Patterns

Neural networks are a computational method capable
of learning patterns inherent in data by a process of
supervised training. The trained networks subsequently

%
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JAN 1998

enting




wor k tra| ning process the weights in the network are assigne REMGEMENT SHEET

chosen val ues. F(Thlsg)e kBt:enRé]ﬂhcy&al ght connecting neuron 1t euron 8 is
| abel ed Werr], ctl ng neuron 6 to neuron 9 i$ IakebgAN 1998
werr], etc. The

to a neuron j in the hidden of out put
| ayer of the netwo

17 | !

can be used to classify data inputs not previously pres-
ented to the network. See, for example, Parallel Distrib-

uted Processing, Vol. 1. Foundations (1988) Rummel-
hart, D. E. and McClelland, J. L., MIT Press, Cam-
bridge, Mass. and Neural Works Profa'a'oual II: Users
Guide. Vol. 1 Neural Computing, October 1989, Pub-
lished by Neural Ware, Inc., Pittsburgh, Pa.

It is not likely that the tire, when driven onto the
array of load cells, will be phased exactly on the load
cells. That is, misalignment maybe introduced at the
edges of the tire due to partial coverage of the load cells
located at the tire edges. Also, the width of the tire
footprint may be incommensurate with the width of the
sensor array. These and other non-idealities tend to give

—  the force distribution a complex appearance. The next
example illustrates how the complex patterns of force
distribution may be successfully interpreted using a
neural network. _

A neural network having feed forward architecture,
see FIG. 10, was defined. The network consists of three
layers of artificial neurons connected from layer to
layer by adjustable weights. A bias cell having constant
unit output is connected by adjustable weights to the
artificial neurons of the hidden layer and ocutput layer.
Data are fed to the artificial neurons of the input layer
and repraenting reduced force. At the start of the net-
work training process the weights in the network are
assigned randomly chosen values.

Forexample.thewexghtconnecﬂngneuronlto
neuron 8 is Iabeled wg;, the weight connecting neuron 6
to neuron 9 is labeled weg, etc. The weighted inputs to
a neuron j in the hidden or output layer of the network
are summed according to the following expression to
yield a value denoted Net.

Net; = 47. wy0; @9

where Oy is the output of the ith neuron in the layer
below, wy is the weight connecting from neuron i to
neuron j. Output for any neuron in the input layer is the
same as its input. Output for any ncuron in the hidden
Iayer is nonlinearly remapped into the range from O to 1
using the sigmoidal function, as follows:
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Ouyy = l-l-expl(—Netj)

Initially the output inflation A of the neuron in the -
output layer of the network, in response to a (vector)
input of values impressed upon the input layer, has a
value that deviates widely from the correct value of A
associated with those inputs. Using a training set of
input vectors, each with its associated parameter A,
each member of the set having been randomly gener-
ated as described previously, the weights: of the net-
work are adjusted to yield a least squares error over the
ensemble. This optimization may be carried out in any
of various ways known to one skilled in the art.

EXAMPLE 5
Neural ngetwork trained on experimental tire data

The linear array of eight load ceil sensors described in
Example 1 was employed to detect force distribution
across the footprint for the vehicle/tire combinations
Iisted in Table 4. The data were obtained along a merid-
ian of the tire with the vehicle at rest over the sensors
such that a mid-footprint force reading was displayed.
A total of 35 tests were run in which the tire inflation
pressure ranged from less than 40% to more than 130%
of the car manufacturer’s recommended normal infla-
tion. Each test resulted in a set of force readings which

" were normalized by a uniform constant value and made
the input values to a neural network having an input
layer of six neurons, a hidden layer of four neurons, and
a single output layer (see FIG. 10). The number of load
cell sensors in contact with a tire varied from test to
test. The actual inflation pressure, normalized, provided
the target output during training of the net.

-Following training the inputs from the training sets
were fed to the network and the recalled inflation pres-
sure, ie., the network output, suitably unnormalized,
was noted and plotted, resulting in the parity plot of
" FIG. 11 It can be seen from the figure that the net
learned to recognize the patterns of the training set to a
high precision (ratio of standard deviation to mean of
about 2%). When a neural network was configured
using three neurons in the hidden layer the learning was
somewhat degraded (ratio of standard deviation to
mean of about 4%).
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By training a neural network with representative
numbers and types of tires and vehicles, the network
may be used to infer the pressure of tires it has not been
taught previously. It will also be understood that the
neural network possesses the ability to classxfy patterns
of force distribution in the presence of noise contributed
by tread variations, unknown degree of phasing, incom- |
mensurate tire width relative to sensor layout, etc. The
trained network/sensor system can be used for auto-

mated measurement of tire pressure as a convenience to
drivers.
TABLE 4
Test Vehicles And Tires (Right Front Wheel)
Normal

- Inflation

Vehicle Tire LD. (psi)

Saab 900 Turbo . Pirelli MXV 195/60 R15-87H 27

BMW Pirelli P600 205/55 VRIS 33

Ford Festiva LX Yokohama 165/70 SR12 29

Although the primary intent of this invention is

to

define a system having stand alone capability it should
be understood that the invention may be used in con-

junction with externally provided information

to

achieve its operation, e.g., knowledge of tire type, vehi-
cle type, vehicle loading, or other data. Such informa-
tion may allow selection of a particular neural network
having specialized training to perform the decision

making function required to practice the invention.

A single array of sensors can serve to acquire signals
from front and rear tires of a vehicle that passes over the

array.

Skewness of the footprint about the vehicle direction
of motion may be used to correct the footprint readings

when a vehicle passes obliquely across the array
sensors.

of

The invention also functions 4s 2 counter of vehicles
passing by a fixed site. This functiomality may be
achieved, for example, by actuating a counter that re-
cords the number of times that a sensor transmits the

onset of a force vs. time signature.
EXAMPLE 6

Neural network trained on features extracted from

experimental data
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The performance of a neural network of the type
described in Example 5 in predicting the tire pressure
for a vehicle/tire not included in the training data is less
accurate than the recall accuracy illustrated n FIG. 11.
I have found that a more accurate prediction can be
made by extracting characteristic features from the raw
force data and using these features as the inputs to a
neural network. The characteristic features are desir-
ably insensitive to phasing of a given tire relative to the
sensors. These characteristics may be determined by
measuring the footprint force distribution for a given
tire. Then a characteristic feature is computed from the
distribution. The feature is then redetermined for the
same tire by repeating the test with another phased

_position. If the computed feature remains reasonably
constant over a number of such tests, then that feature
may be used to train the neural net. A number of such
features have been identified, as discussed below.

Pseudopressure PS defined previously (see Equation
20) furnishes a useful feature. Using a 20 cell array of
contiguous 0.5 inch wide sensors, the pseudopressure is
reproducible with average standard deviation of 3.5%
on treaded tires. The ratio PT/PS of tire pressure PT to
Ppseudopressure PS typically varies over a rather nar-
row range from about 0.33 to 0.67. A neural network
can be trained to a target output of PT/PS rather than
PT in which case the network computes a correction
factor baving 2 limited range of variability.

It is found that SF the summation of forces over the
active sensors at midpoint in time of a footprint data
pulse serves as another suitable feature.

1)
SF = (}f 1-';):,.. (¢m = midpoint time)

The midpoint time is conveniently defined in terms of
the longest data trace which, in tumn, corresponds to a
trace from near the meriodional center of the tire. The
corresponding force values are referred to below as the
midpoint slice data or slice data.
Another characteristic feature is furnished by a2 mea-
sure of midpoint pressure PO. PO is conveniently ex-
tracted from the slice data as an average over a number
of centrally located sensors. For example, using sensors
of 0.5 inch width the number of active sensors typically o
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range from 8 to 12 in number. D:scardmg the readings
from the three outermost active sensors on both sides of
the footprint results in averaging over 2 to 6 cells to
yield a value of PO. The value of PO is suitably repro-
ducible from run to run.

Another feature having utility in this work is WF or
force-width, defined by the following.

TR @)
'=3R
22(¢ — HFY 23)

_ igiven by Eq. (22) defines the force-weighted center of
-the individual force value in the slice data. i is the sensor
number with numbering defined sequentially from one
end of the sensor array to the other. Thus, i represents
the position of the center in units of sensor widths. Eq.
(23) for WF defines a width of the force distribution,
hence a measure of the tire width.
Table S lists data from repeat runs illustrating the
relative invariance of these various measures.

TABLE 5
Reproducibility of Features -
Ponmc Grand Prix - Goodrich P205/65R15
PT = 29.0 psi
PO
Run - (arbitracy PsS WF SF
Number units) (psi) (dimensionless) {b)
1 268 464 6.24 - 336
2 25.1 44.9 623 - 33
3 - 267 463 5.90 314
4 257 454 6.26 327
5 263 457 624 328
é 258 473 623 326
7 256 433 5.2 278
8 252 4.3 525 n
9 256 453 6.28 329
10 255 455 6.18 323
11 254 463 6.9 31
12 253 478 548 300
Average 25.75 4597 5.98 315.8
Std. Dev. 054 087 0.38 21.2
Ratio, % 20 1.9 64 &7

The bottom line of the table lists the ratio of standard
deviation to average value for each of the four features,
Both PO and PS are reproducible to 2.0% or better (one
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sigma). WF and SF exhibit a greater scatter, but none-
theless contribuate useful concerning tire pressure.

A feature data base was established using data ac-
quired from the footprints of front and rear right tires of
seven vehicles. Three or more repeat readings were
acquired at each of four inflation pressures (37.7, 29.0,
24.7, 11.6 psi). A list of vehicles and tires is given in

Table 6.
TABLE 6
PData Base Vehicles and Tires

Vehicle Tire Brand Tire Designation

Nissan Sedan 87 Michelin 155/80R13 M&S

Ford Tempo Invicta 185/70R 14

Saab Turbo "85 Goodyear 195/60HR 15 M&S
- Chevy Cav. Wagon °86  Firestone 195/70R13 M&S

Pontiac GP "0 Goodrich 205/65R 15

Ford Taurus *90 Firestone - 205/70R14 M&S

Ford Starcraft Van Sears All Sason 225/75R15

A three layer neural network was configured having.
an equal number of artificial neurons in the input layer
and in the hidden layer, and one neuron in the output
layer. The sigmoidal transfer function was employed in
all but the input neurons. A bias neuron having unit
output was connected by variable weights to the neu-
rons of the hidden and output layers.

Weights of the network were determined to minimize
€rTor over a training set consisting, for example, of 136
data vectors and their associated target pressure values
(the tire inflation pressures). The Nissan sedan was
excluded from this test set. The accuracy of the trained
network in recalling the target pressures is illustrated i
FIG. 12. The root-mean-square ratio of deviation to
mean pressure was 1.7% over the training set.

The Nissan sedan, which the network/sensor had not
previously seen, was then tested. The predicted pres-
sures are listed in Table 7 wherein it can be seen that the
neural network produces a reasonable estimation of the
actual tire pressures. By including more vehicles in the
data base the accuracy of the method can be further:
improved.
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TABLE 7
Neural Network Predictions of
Nissan Sedan Front Tire Pressures
Actual Inflation Predicted
Pressures, psi Pressure, psi
1.8 11.9
11.6 122
11.6 1.8
24.7 25.7
4.7 7.3
24.7 ' 239
290 315
290 28.9

290 - 30.2 ' .
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What is claimed is: -

1. A system for determining the pressure a pneumatic
vehicular tire while mounted on the wheel of vehicle,
and/or velocity of the vehicle comprising:

a. an array of load sensors which provide a two-di-
mensional pattern of the force distribution exerted
by said tire in contact with said sensors as the vehi-
cle passes over said array;

b. a computer which is programmed (programmed
computer) to determine said tire inflation pressure
and/or velocity from said force distribution data
independent of the make or model of said tire and
said vehicle; and -

— c. means for displaying said pressure (and) and/or
velocity.

2. The system of claim 1 wherein said load sensors are
a linear array located in a driveway such that vehicles
may pass over them.

3. ’Ihesystemofcla:mlwheremsazdloadsensorsare
strain gages.

4. The system of claim 1 wherein said sensors are
piezoelectric and/or piezoresistance films.

5. The system of claim 1 wherein said load sensors are
monitored in the driveway approaching or adjacent to
gasoline service pump.

6. The system of claim 1 wherein said programmed
computer (program) includes a neural network.

7. The system of claim 1 wherein said means for dis-
playing is a visual display in close proximity to said
vehicle.

8. The system of claim 1 wherein said force distribu-
tion data is filtered by said computer.

9. The system of claim 1 wherein said force distribuo-
tion data is decomposed into symmemcal and unsym-
metrical parts by said computer in order to determine
measures of tire pressure.

10. The system of claim 1 wherein said computer uses
said force distribution data to determine a mean contact
pressure.

11. The system of claim 1 wherein said tire pressure is
determined by said computer by neural network recog-
nition.

—
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12. The system of claim 11 wherein said neural (net)
network is trained on inputs that are insensitive to the
position of tire on said sensors.

13. The system of claim 12 wherein said neural (net)
network is trained on pseudopressure, summation of
forces, midpoint pressure, and force-width data.

14. ThesystemofclahnSwhereinsaidmralnet_i:
trained on pseudopressure, summation of forces, mid-
point pressure, and force-width data. :

15. The system of claim 1 wherein differences in the

pattern of forces are used to indicate differences in the
inflation pressure of tires.

16. The system of claim 8 wherein differences in the
pattern of forces are used to indicate differences in the
inflation pressure of tires.

\
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EXAMPLE 6 Neural network trained on features extracted from WAMENTSHEE‘
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20 The performance of a neural network of the type described in Exanple 5

in predicting the tire pressure
—_—
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TIRE INFLATION AND VELOCITY SENSOR

BACKGROUND OF THE INVENTION

The present invention is a system for determining
pressure of a pneumatic tire mounted on a vehicle. An- .
other objective is to determine the degree of road

- cantact of a tire as a guide to determining appropriate
tire pressure. The same system measures vehicle veloc-
ity. -

Pneumatic tires for carrying vehicles should be main-

* tained at the proper pressure in order to achieve opti-
mum conditions for either safety, comfort, road han-
dling, fuel economy, and longer tire wear, or combina-
tions thereof.

An under-inflated tire primarily bears its load at the
shoulders of the tread, in which case its road-engage-
ment pattern is somewhat concave between those shoul-
ders. Under such conditions continued use of the tire
over the road canses excessive wear at the shoulders,
because an’ appropriate frictional contact in the central
portion is not maintained. This results in less than nor-
mal lifetime and obviously uneven wear. Alternatively,
an over-inflated tire sustains considerable wear in the
central tread area between the shoulders, and less-than-
normal wear at the shoulder portions. Either situation
results in wastefulness, since the total potential of the
tire is not being used. In other instances, there is a
greater tendency to skid or slide. In addition, undue
stresses and strains, particularly in the instance of under-
inflation, are applied to the sidewalls of the tire carcass,
causing it to deteriorate before its time.

Tire manuvfacturers provide specifications for the
operauon of tires. Automobile manufacturers also spec-
ify tire inflation characteristics. However, both of these
specifications, even if followed religiously, do not nec-
essarily mean that the tire-operating condition is partic-
ularly correct for that tire on that vehicle. The ideal
conditions, therefore, will be seen to exist when the air
pressure in the particular tire is just sufficient to pro-
duce full road-engagement contact across the entire
width of the tread, so that the weight of the car is borne
equally in the road-engagement area between the shoul-
ders and across the central portion of the tire. Under
such circumstances the tire tread will wear evenly, and
the tread life and maximum safety results from maxi-

.mum gripping or friction of the tire on the roadway.
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In the past, vehicle operators or gas station attendants
have to some degree relied on visual inspection of the
tire under a load to appraise inflation. A tire wearing
too much at the shoulders becomes bald therearound
due to the under-inflation of the tire. However, when
the bald condition is visible or observable, it may al-
ready be too late to do much to rectify the situation.
Contrariwise, the over-inflated tire bears the load in the
mid-portion of the tread where wear rapidly occurs due
to the fact that the share of the load being bome by the
particular tire is distributed over too small a central

road-engagement area at the tread, whereupon 2 bald
Strip soon appears around the casing. When such a situa-

- tion is to be appraised visually, there is likely to have
been such excessive mid-tread wear that the casing may
have nearly ltved out its operating life. Of course, such
determinations are affected by differences in the load

. borne by a tire. For example, where a vehicle is oper-
ated normally with a driver and one passenger, one
coundition exists. When it is caused to bear two or three
extra passengers and, possibly, luggage and other loads,

~ the conditions change markedly, and an adjustment in
tire pressure should be made.

Alternatively, the operator of a vehlcle may desire a
softer more cushioned ride attendant to under-inflation.
Or the operator may desire to over-inflate the tires to
achieve more responsive steering and increased fuel
economy in operating the vehicle. This invention pro-

-. vides a means to indicate any inflation condition.

N In the prior art the U.S. Pat. No. 3,973,436 (Aug. 10,
1976) of G. H. Lenderman discloses a tire inflation
appraisal apparatus consisting of a linear array of spring
loaded lever arms proposed to detect and amplify the
profile shape of a tire resting on the array. An operator
is required outside the vehicle to observe the visual
pattern formed by the ends of the tilted levers. The
present invention yields several improvements over the
Lenderman concept: the data can be acquired whether
the vehicle is in motion or not; the sensing means is
more accurate; human involvement and judgmnent are
not required; the raw data is collected as electrical sig-
mals which are well suited for data processing and ex-
traction of informational content using a digital com-
puter; advanced pattern recognition methodology can
be employed, e.g., a neural network that can be conve-

~ niently trained and used to interpret the readings. Vehi-
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f:le velocity can be measured concomitantly with tire
inflation. The display of the read out pattern is more
convenient, e.g., as graphic and alphanumerics on a
computer driven display screen or as a printed report.
The data pracessing feature of this invention is particu-
!ar[y important as the pattern generated by the raw data
is often complex and its meaning recondite. :

SUMMARY OF THE PRESENT INVENTION

The present invention is 2 system that will indicate
the pressure of a pneumatic tire conveniently and
quickly. Another objective is to determine the goodness
of road comtact. Vehicle velocity can also be detected
and indicated. The system includes an array of load
sensors that provides a pattern of the force distribution
exerted by the tire, e.g., a linear array of semsars in
comntact with the tire along a line across the width of the
tice. The force distribution is analyzed by a computer
which is programmed to determine the tire pressure.
The analysis is substantially independent of the make or
model of the tire or vehicle. The determined pressure is
then dispiayed, for example, on a screen or in’printed
form. The screen may be electronic sach as a cathode
ray tabe. _ .

The tire pressure may be determined by the system of
the present invention by 2 decomposition method (see
Example 3). The tire pressure may also be determined
by an analysis technique referred to as pseudopressare
(sec Example 4). Finally, the tire pressure may be deter-
~r mined by the system using neural networks (see Exam-

ples § and 6).

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 shows a tire sensor for the driveway.

F_IG. 2(a) shows a perspective view of an experimen-
tal linear array of load cell sensors. _

FIG. 2(5) shows a cross-sectional view of the load
sensors of FIG. 2(a).

FIG.3 sh.ows how tire shape and contact pressure are
related to tire inflation pressure.

FIG 3(a) shows overinflation and FIG. 3(5) shows
underinflation. .

F:'IGS. 4A through 4E show the contact force distri- -
bution for data of Table 1.

FIG. S shows the symmetrical component of the
force distributions of FIG. 4.

N
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FIG. 6(a) shows a schematic illustration of tire foot-
print illustrating strips having width w of the load cell
sensors x is the direction of vehicle motion.

FIG. 6(b) shows an illustration of square-wave con-
tact-pressure distribution along a strip of length L. 1 is
length of sensor face.

FIG. 6(c) shows an illustration of trapezoidal contact
pressure distribution due to sampling by the finite size
sensor.

FIGS. T(a-<) show the dynamically acquxred tire-
footprint-forces with tire pressure of 29 psi (Mercury
Topaz). FIG. 7(a) shows an axonometric side view.
FIG. 7(5) shows an axonometric rotated view. FIG.
%(c) shows a contour plot.

.FIGS. 8(a-¢) show 2 dynamically acquired tire-foot-
print-forces with tire pressure of 25 psi (Mercury To-
paz). FIG. 8(a) shows an axonometric side view. FIG.
8(b) shows an axonometric rotated FIG. 8(c) shows a
contour plot. :

FIG. 9 shows the pseudopressure determined from
dynamic footprint measurements vs. tire pressure.

FIG. 10 shows a neural network to determine tire
inflation.

FIG. 11 shows a neural network performance in rec-
ognizing experimental tire inflation (recan of 38 training
sets).

FIG. 12 shows neural network performance for the
input data in Example 6.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

The present invention is a system for measuring tire
pressure. The system is non-intrusive and functions
substantially independent of make and model of the tire
and vehicle.

The problem may be described as follows. The tire
provides input to the sensors which provide data to the
‘computer which processes the data to provide an output
pressure. Although the data may be imperfect (as will
be explained below), a reliable output is desired. The
present system closely achieves that reliable output.

The present system will preferably be operated on the
premises of a gasoline service station, e.g., in a driveway
adjacent to a gasoline service pump. The sensors will
typically be located in the driveway area (FIG. 1). The
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sensors may be embedded in the driveway (FIG. 2).
Using flat detectors such as piezoelectric or piezoresis-
tive polymer film the sensors may be embedded in a thin

FIGS. 2A and 2B show diagrams of the sensors em-
bedded in the driveway. FIG. 2A is a perspective view
and FIG. 2B is a cross-sectional view. The sensors 2 are
located in a pit liner 4 embedded in the driveway 10.
The sensitive area 6 of the sensors 2 is covered by an
elastomeric layer 8. The vehicle motion is in the direc-
tion of the arrow 12. ‘

FIG. 3a shows the profile tendency of a tire that is
overinflated. FIG. 3b shows the profile tendency of a
tire that is under-inflated. At proper inflation to provide
maximum traction it is believed that the tire should be in
uniform force contact with the horizontal all across the
profile.

EXAMPLE |

Influence of tire pressure on force distribution

A sensor array was fabricated incorporating eight
strain gage load cells arranged in a finear array and
installed in a driveway pit as depicted in FIG. 2. The
load cells used were the Model SP single point com-
pression type obtained from Sensotec, Columbus, Ohio.
Load is applied over the horizontal 1 7/16 inch by 1
5/32 inch face of a cantilevered aluminum beam fitted
with a foil strain gage that is temperature compensated
from 30° F. to 130° F. Non-linearity stated by the manu-
facturer is +0.03% of full scale reading. The full scale
rating is 100 Ib. with 50% overload permissible. Manual
readout of the force detected by any one of the sensors
was accomplished, when desired, using the Model
SA-10 multi-channel electronic package supplied by the
same manufacturer. The same package supplied 10 volt
DC excitation to the load cells. Dead weights of 50 and
100 lbs. were used to check the calibration of the indi-
vidual load cells from time to time.

The cantilevered beams were mounted in alternating
staggered fashion so that the load cell faces were lo-
cated contiguously with approximately 1/16 inch spac-
ing, the 1 7/16 inch dimension defining the length of the
sensor face along the direction of vehicular motion, and
with the 1 5/32 inch dimension oriented along the trans-
verse direction of a tire. The total width of the sensor
array measured about 9 3/4 inches.



sure of midpoint pressure PO PO is conveniently ex- trladtb@UASEMINT BEEET ijce
data as an average over a nunber of centrally | ocat ed sensorsT—For-exanplie,
usi ng sensors of 0.5 inch width the nunber of active sensorﬁgt}_égbc.@bby

6

Tests were conducted using a three door 1985 Saab
Turbo passenger vehicle equipped with Pirelli
195/60/R15 tires on the front wheels. In these tests the
load cells were mounted nominally flush with the drive-
way. FIGS. 4A through 4E display the resultant distri-
bution of forces for tests in which tire pressure was set
at 12, 20, 29, 33 and 38 psi. These data are tabulated in
Table 1. The vehicle manunfacturer’s recommended
inflation pressure is 27 to 29 psi.

TABLE !

Contact Force Distribution of Pirelli 195/60 R15
Radial Tire at Various Tire Inflation Pressures

o Units of Force (Ib.)
hd Semsor ______ Tire Inflation Pressure. psi
Number 12 " 20 29 33 33

i 0 0 0 0 0
2 637 7196 86.3 83.3 9
3 321 569 772 87.7 930
a 282 559 789 920 105.1
5 41.0 63.7 83.2 93.7 - 1039
8 - 68.4 £9.9 1028 1082 1129
7 - 0 ' g 0 (4] 0
3

0 0 0 0 0

From FIGS. 4A through 4E it can be seen that
contact force of the under-infiated tire (12 psi or 20 psi)
is minimum at the center. At a normal tire inflation
pressure (29 psi) the forces tend to be more uniformly
distributed over the sensors. The overinflated tire (33

. . psi or 38 psi) presents a more complex pattern, sugges-
~ tive with the idealization of an overinflated tire.

It will be appreciated that noise sources are present
that tend to scatter the sensed force values. These in-
clude: sensor offset and scale factor variations, incom-
mensurability of tire width and sensors width, variation
in position of tire relative to the sensors (phasing), and
variation of tread pattern in contact with the sensors,
e.g., due to tire angular displacement. Example 2 illus-
trates the reduction of noise by filtration of the signals.

EXAMPLE 2
Filtration to reduce noise

Consider the case when tread gaps in the tire are .
smaller in scale than the dimension of the sensor faces
and accordingly are a source of high spatial frequency
noise that tends to degrade the information contained in
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- the sensed force distribution. This example illustrates
the reduction of said noise using Fourier filtration and is
a preliminary to Example 3.

Thus, the discrete force values in the distributions of
Example 1 will be decomposed into harmonic compo-
nents using the discrete Fourier transform. See, for
example, Bracewell, R., “The Fourier Transform and
its Applications”, 2nd Edn., 1978, McGraw-Hill, Inc.
New York, Chapter 18.

General expressions for the transform and its inverse
can be written iz matrix form as follows:

9 | gL ™

fgy'.;i' . : [v))

where f is the vector of forces detected by the array of
seusors, n=N$} where N is the sumber of sensors in
forceful contact with the tire, and tf is the discrete Fou-
rier transform of f. The matrices W and V are defined in
terms of w, the Nth root of unity.

we:exp(22i/N) . @)

whereiisthesquarerootofnﬁnusone. '
Wemwkj=0,12,..., N—-1 ()
Vik=w—i€ k=012, ..., N=1 | ®

For the data of Example 1, N has the numerical value of
5. The corresponding force vectors may be written as

follows:
6.7 779.6 ™ ™ 363
a1 : 56.9 772
SO =} 282 Pulsss.| M| 39
41.0 _ 63.7 832
|64 | 899 | | 1029 _
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Transformation of the forces using Eq. 1 results in the
following spectra:

— - 4P -

4&.—

po -

104.38
17.339 — 18.804/
1.689 — 4098
1.689 4+ 4.098/
| 17.339 + 18.804¢ _

™ 154.736 j
12614 — 16.086(
—0986 — 3357
—0.986 + 5.35%
| 12.614 + 16.086{ _

B 191631 ]

4835 — 12.061i
—4.165 — 4977
~4.165 + 4977
| 4.835 + 12,0617

-

- 208.133
~2.638 — 9.166/
~T7.738 — 4.666
~7.738 + 4.666
| —~2.638 + 9.166( _

[~ 23517 7
-10.739 — 6024
~11.689 — 4427i
—~11.689 + 4.427i

| —10.739 + 6022

m
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In the sbove spectra, the real valued amplitude repre-
sents mean force, the next compouent specifies ampli-
tude and phase of the first harmonic, and the middle
component specifies amplitude and phase of the second,
or highest harmonic. The last components are complex
conjugate to the first and second components. It will be
supposed that the highest harmonic is the most repre-
sentative of noise and can be beneficially filtered. Set-
ting these coefficients to zero the spectra then become:

B 10438 ®

A 17.339 — 18.804i
= 0

0

17339 + 18.304; _

o -y

154.736
12.614 — 16.086i
P = 0

o N
| 12614 + 16.086¢ |

191631
4.835 — 12061
= 0
N e
| 4.835 4 12.0617

208.133
—2.638 — 9.166:
4 = 0
o
| —2.638 + 9.166/

23517 7
—~10.739 — 6022
§ - 0 |
0
_—10.739 4 6022/ |

ay
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The above low pass spectra may be inverted using Eq.
2 to yield the filtered force data. With a redefinition of
symbols these are:

[62.189 7] 80.482 7] rsa0s] @
35477 59.003 | 16777
D] 240248 | D ] 51616 | O =] 75861
44.019 68.529 88.542
| 67.468 | | 8637 | Ls'r.zss_
[ 90.72 7] ~ 90.355 7]
84.55¢ - 91869
8 =] 9017 | =] 104565
99.808 110.897
|100.148 | 102,114 _

The data, having now been filtered, are in better
condition to be decomposed into a measure of inflation.
A particular technique to achieve the decomposition is
fllustrated in the following examplie.

EXAMPLE 3
Decomposition yielding 2 graphical measure of
 inflati

The footprint of a2 new or uniformly worn tire is
assumed to be symmetric about its center line. Any
deviation from symmetry may be regarded as an extra-
neous component of the signal. Any distribation (repre-
sented by vector) f having N components f; where
i=0,1,2, . . . (N~1) can be decomposed into the sum of

~ a symmetrical or even part fe an an unsymmetrical or

odd part fo as follows:

f=fet+fo (t0)
where

Jer={fitfNm1d (1)

Jor=3fi—EtN~-1.) (12)
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This decomposition is valid whetker N is an even or
odd integer. The even part fe is associated with tire
inflation. The filtered data, Egs. 9 of Example 2 when
decomposed yicld the following even and odd compo-
nent vectors.

~64.83 7 8343 93.66 3
39.75 .| &7 82.66
O m] 225 | D =] 5162 | O =] 7586
3975 | 6.7 $2.66
| 64.83 | | 8343 _ | 93.66 |
95.43 " 96.23 ]
92.18 101.38
JEV =} 90.17 | ffS) = | 10457
92.18 101.38
|95.43 _ | 96.23 ]
—2.64 ) - —2.94 ] r-s.& B
—427 —4.76 —5.38
=] o D= o | =] o
427 476 _ 5.38
| 264 | 294 ] | 3.64 _
- —4.71 7] [ —5.88 7
~7.63 —~3.51
Y = 0 | A = 0
7.63 ' 9.51

L 471 _ | 588 _

FIG. § shows that the individnal even curves are well
ordered with the tire inflation pressure as parameter.
The deviation from flatness of the curves in FIG. §
provides a measure of the goodness of road contact.
Mean contact pressure (pseudopressure)

Highway engineers commonly sssume that the
contact pressure over the footprint of a tire is uniform
and equal in magnitude to the inflation pressure of the
tire (K. Marshek et al, “Experimental Determination of
Pressure Distribution of Truck Tire-Pavement
Contact,” Transportation Record 1070, pp. 9-14, 1987).
The actual pressure distribution deviates considerably
from the uniform pressure model. While a planar array



5 : 26. 3 45. 7 6. 24 3.28 6

6.23 ° 326 7 25.6 45. 3 5.32 | j 275 8
25. 2 448 5.25 271 9 25.6 { | 146FBB 1999 | 4.
329 10 255 455 6.18 323 3

12

of force sensors provides a means to measure the distri-
bution of forces statically or dynamically, i.e., with the
tire at rest and in contact with the planar array or as the
vehicle moves over the array, in the following we dis-
cuss the use of a linear array. Two dimensional arrays
may aiso be used. However, a linear array should be
more economical to provide. The linear array of load
cells provides 2 means to measure the distribution of
contact pressure in real time as 2 vehicle passes over the
array.

Thus, when a vehicle passes over a linear array each
sensor in the array experiences a time-varying applied
force. The time dependent data can be used as discussed

s below to compute a mean contact pressure OF
pseudopressure. The pseudopressure may be used by
itself or in combination with other measures to infer the
tire inflation pressure.

FIG. 6c illustrates schematically the time dependence
of force, F(t), anticipated for a given sensor for a vehi-
cle moving at velocity v if the actual contact pressure is
uniformly distributed as shown in FIG. 65. The time
trace is trapezoidal shaped having a plateau region of
nearly constant force with sides that ramp.up and down.
(Refer to FIGS. 72,5 and 8a.5 for examples of experi-
mental time traces.) Thus, because the sensor has a finite

length 1 along the direction of vehicle motion 2 duration
of time of magnitude 1/v is required for the tire to cover
Or uncover a sensor.
. Because contact pressure at a point varies drastically
s within a footprint, and disappears in regions of tread
_ gap, we consider a local contact pressure P defined as
the total force on an area having the size and shape of a
sensor face, divided by that area. Thus,

n-5 a

where w is sensor width and 1 is sensor length. At a
given instant of time the pseudopressure, denoted as P,
is given by '

Total force _ 15)
Py = —rotalarea ( _
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where
Toul forcemXfPdA (16)
Total area=ZX [dA an

in which dA=swdx where x is distance along the vehi-
cle path of motion, assumed perpendicular to the linear
array, and the summation is taken over the number of
sensors contacted by the footprint. Substituting in (16)
- for P, using (14) and introducing dx=vdt gives

Total force = T4 [Fide a8
~ Likewise,
Total footprint area == widx a9
= wEL

where L is the local length of the footprint section at a
. given sensor position, and t; is the corresponding time
duration of passage. Substituting (18) and (19) into (15)
and canceling the common factor v gives a resuit that is
independent of the vehicle velocity v. .

P 2 [Rads : 20
s = oA -

The transformation dx=vdt employed above represents
a simplifying assumption. In fact, the portion of tread
that initially contacts a sensor face remains in place
while the loading changes with time. In the special case
that the tire is treadless the relationship becomes exact.
Equation (20) expresses P; exclusively in terms of
parameters. Selection of time ty, rather than
time t3 (refer to FIG. 6c¢) for use in the equation consti- -
tutes an important feature. Time t; measures the dura-
tion of time from the instant the tire first contacts the
sensor to the time at which the tire first begins to Lift off
the sensor.
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The velocity during the interval of time when the tire
comes off the sensor can be acquired. Referring to FIG.
6c, extraction of the time duration t2 —ty permits vehicle
velocity v to be determined from the known length 1 of
a sensor using the relationship v=1/(t—t1). The differ-
ence of velocities together with the known time interval
between acquiring the velocities can be used to com-
pute the vehicle acceleration or deceleration and, if
desired, to estimate a correction to the measured forces
using Newton'’s laws of mechanics. The correction to
measured force can be considerable, even at driveway
speeds, e.g., if a driver suddenly applies the brakes. The
corrected forces can be used in any of the modes of data
reduction disclosed in this patent application. Alterna-

" tively, it may be desired to simply detect the presence of

excess acceleration or deceleration, recognize that the
prediction will be adversely affected, and accordingly
reject the measurement.

-As discussed, the sensor array of this invention per-
mits velocity to be determined based on the time dura-
tion of signal as a vehicle covers or uncovers a sensor of
the array. Table 2 lists values of vehicle velocity deter-
mined by the above technique.

TABLE 2

Experimental Values of Vehicle Velocity Sensed From
Transient Force Data (Sensor Length of 1 7/16 inch)

Tire Pressure Velocity (fps)
Vehicle (o) On off
Saab 12 332 3.37
Sazb 28 4.33 433
Sasb 38 3.27 3.4
Pontiac 12 "4.55 4.69
Pontac 29 4.66 4.9
Pontizc 33 3.38 439

The next example illustrates the application of Egq.
(20) using test data.
'EXAMPLE 4
Dynamic measurement of footprint forces and the
extraction of pseudopressure

The sensor array and readout of Example 1 was auto-
mated with a digital data logging system consisting of a
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LeCroy Model 8212A waveform digitizer with Model
8800A. 32K by 12-bit memory having a maximum sam-
pling rate of 100 kHz on one active channel and up to §
kHz simultaneous sampling on 32 channels. The ac-
quired data was transmitted via a Model 8901 GPIB
Instrument Controller to a Compaq 386SX computer
equipped with an Intel 80287 math coprocessor, a 40
Mbyte hard disk drive, and Asyst software from which
waterfall, axonometric, and comtour plots could be
computed and displayed.
FIG. 7(a) through 7(c) illustrate the dynamically-
acquired tire-footprint force-distribution for 2 tire of
N normal inflation. In the axonometric plots, force (in
arbitrary units) is represented on the vertical axis and
time (in arbitrary units) is represented on a horizontal
axis for each of the eight sensor channels. The appear-
ance of the contour plot in FIG. 7(c) is very typical of
a normally inflated tire (one peak or bull’s-eye pattern).
FIG. 8(a) through 8(c) display corresponding plots for
an underinflated tire. The pattern of twin peaks (cat-
seyes) is very typical of an underinflated tire.

- Table 3 compares the sensor force readings channel
by channel for data acquired statically (vehicle at rest
on the sensors) versus data acquired dynamically (vehi-
cle passing over the sensors). It can be seen that the
readings are comparable for a given tire pressure re-
gardless of whether the vehicle is at rest orin xnotxon (at

N approximately constant velocity).
From the above it is apparent that tire footprint data
can. be acquired even though the vehicle is in motion.

- TABLE 3
Comparison Of Sensor Readings (Lbs. Force)
In Static And Dynamic Testings(?)

Tire
Typeof  Pressure Sensor Number
Test (psi) 1 2 3 4 5 6 1 8 %

" Static 25 30 331 316 301 272 560 27 O 9.7
Dynamic 25 00 337 378 339 288 355 277 O 2174
Dynamic 25 00 353 386 327 255 S15 244 O 2080

! 12 60 352 192 121 16 257 137 23 1258
Dynamic 12 125 366 187 120 133 268 105 00 1304
Dynamic 12 838 305 187 114 130 280 122 Q0 126

(Mercury Topaz, Right Frone Wheel, Tigar TG61S 185,70 R14
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Additional data were acquired dynamically using a
treadless racing slick (Hickey Thompson ET Drag
26.0/8.5-15) mounted on the right rear wheel of a 1990
Pontiac Grand Prix LE passenger car. The vehicle was
driven over the sensor array described in Example 1 2
number of times at each of seven levels of tire inflation
pressure spanning the range from about 5 psi to 38 psi.
Vehicle velocity was nominally constant in the range of
3 to 5 mph. Time resolved data on the clght sensor
channels was collected and pracessed using Eq. (20)
with the results as displayed in FIG. 9. Diagonal line 2
represents parity under the idealized condition that tire
inflation pressure has the same magnitude as the
pseudopressure under all conditions. The plotted points
are computed from Eq. (20).

No correction has been applied for sensor readings
falling at the tire edges where incomplete sensor cover-
age usually occurs. More narrow sensors can be ased to
reduce the area source of error. Alternatively, an edge
correction can be made. It will be understood that the
present system is not optimized and can be further im-
proved.

Additional tests usmg a treaded tire yield s:mila.r
results to those shown in FIG. 9 except that more scat-
ter is present. Longer sensors may be used to average
over a greater area of tread to reduce the scatter. Alter-
natively, one or more additional lines of sensors can be
deployed in paralle! arrangement with the first line of
sensors for the same purpose. Staggering the additional
sensors will permit further reduction of the scatter.

In summary, this example contributes another means
of data reduction whereby the array of load cells can be
used to infer pseudopressure as a2 measure of tire pres-
sure. )

It is noted that difference in pseudopressure from one
tire to another can be used to detect a variance in tire
inflation as 2 warning that one or another tire needs
inspection. Used in this manner the system need not be
absolutely calibrated to read actual tire pressure. Like-
wise, other features as well as inferred values of tire
pressure can be used in similar comparative fashion, if
desired. These values can be determined by any of the
methods discussed above or below.

Neural Network Recognition of Tire Patterns

Neural networks are a computational method capable
of learning patterns inherent in data by a process of
supervised training. The trained networks subsequently

and
ord



Saah Turbo ' 85 Goodyear 195/ 60HR15M&S Chev
Fi'rest one 195/ 7013 M&S Pontiac GP '90 Goodr i
Ford Taurus ' 90 Fi rest one 205/ 70R14 M&S Fofd

Sears All Season 225/ 75R15 A three |ayer neural netofKk MRFEROFOINOUN €
havi ng ,

17

can be used to classify data inputs not previously pres-
ented to the network. See, for example, Parallel Distrib-
uted Processing, Vol. 1. Foundations (1988) Rummel-

~ hart, D. E. and McClelland, J. L., MIT Press, Cam-
bridge, Mass. and Neural Works Professional II: Users
Guide. Vol. 1 Neural Computing, October 1989, Pub-
lished by Neural Ware, Inc., Pittsburgh, Pa.

It is not likely that the tire, when driven onto the
array of load cells, will be phased exactly on the load
cells. That is, misalignment maybe introduced at the
edges of the tire due to partial coverage of the load cells
located at the tire edges. Also, the width of the tire

- footprint may be incommensurate with the width of the
sensor array. These and other non-idealities tend to give
the force distribution a complex appearance. The next
example illustrates how the complex patterns of force
distribution may be successfully interpreted using a
neural network.

A neural network having feed forward architecture,
see FIG. 10, was defined. The network consists of three
layers of artificial neurons connected from layer to
layer by adjustable weights. A bias cell having constant
anit cutput is connected by adjustable weights to the
artificial neurons of the hidden layer and ocutput layer.
Data are fed to the artificial neurons of the input layer
and repraenﬁng reduced force. At the start of the net-

“work training process the weights in the network are
assigned randomly chosen values.

" For example, the weight comnnecting neuron 1 to
neuron 8 is labeled wg;, the weight connecting neuron 6
to neuron 9 is labeled wyg, etc. The weighted inputs to
a neuron j in the hidden or output layer of the network
are summed according to the following expression to
yield a value denoted Net;.

Net; = % w;iO; “9

where Oy is the output of the ith neuron in the layer
below, w; is the weight connecting from neuron i to
neuron j. Output for any neuron in the i input layer is the
same as its input. Output for any neuron in the hidden
layer is nonlinearly remapped into the range fromOto 1 -
using the sigmoidal fanction, as follows:
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Ou = T e

Initially the output inflation A of the neuron in the -

output layer of the network, in response to a (vector)
input of values impressed upon the input layer, has a
value that deviates widely from the correct value of A
associated with those inputs. Using a training set of
input vectors, each with its associated parameter 4,
each member of the set having been randomly gener-
ated as described previously, the weights: of the net-
work are adjusted to yield a least squares error over the

| ensemble. This optimization may be carried out i any

N of various ways known to one skilled in the art.

EXAMPLE 5
Neural network trained on experimental tire data

The linear array of eight load cell seasors described in
Example 1 was employed to detect force distribution
across the footprint for the vehicle/tire combinations
Bsted in Table 4. The data were obtained along a merid-
ian of the tire with the vehicle at rest over the sensors

. such that a2 mid-footprint force reading was displayed.
. A total of 35 tests were run in which the tire inflation
pressure ranged from less than 40% to more than 130%
of the car manufacturer’s racommended normal infla-
tion. Each test resulted in 2 set of force readings which
were normalized by a uniform constant value and made
the input values to a neural network having an input
layer of six neurons, 2 hidden layer of four neurons, and
a single output layer (see FIG. 10). The number of load
cell sensors in contact with a tire varied from test to
test. The actual inflation pressure, normalized, provided
the target output during training of the net.
-Following training the inputs from the training sets
were fed to the network and the recalled inflation pres-
sure, ie., the network output, suitably unnormalized,
was noted and plotted, resulting in the parity plot of
FIG. 11. It can be seen from the figure that the net
learned to recognize the patterns of the training setto a
high precision (ratio of standard deviation to mean of
- : about 2%). When a neural network was configured
using three neurons in the hidden layer the learning was
somewhat degraded (ratio of standard deviation to
mean of about 4%).
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By training a neural network with representative
numbers and types of tires and vehicles, the network
may be used to infer the pressure of tires it has not been
taught previously. It will also be understood that the
neural netwark possesses the ability to classify patterns
of force distribution in the presence of noise contributed
by tread variations, unknown degree of phasing, incom- |
mensurate tire width relative to sensor layout, etc. The
trained network/sensor system can be used for auto-
mated measurement of tire pressire as a convenience to

drivers.
TABLE 4
. Test Vehicles And Tires (Right Front Wheel)
N~ : Normal
' Inflation

Vehicle Tire LD. (psi)
Saab 900 Turbo Pirelli MXV 195/60 R15-87H z7
BMW Piretli P600 205/55 VRIS 33
Ford Festiva LX Yokohkama 165/70 SR.12 : 29

Although the primary intent of this invention is to
define a system having stand alone capability it should
be understood that the invention may be used in con-
junction with externally provided information to
achieve its operation, e.g., knowledge of tire type, vehi-
cle type, vehicle loading, or other data. Such informa-
tion may allow selection of a particular neural network
having specialized training to perform the decision

,\ making function required to practice the invention.

~ A single array of sensors can serve to acquire signals
from front and rear tires of a vehicle that passes over the
array.

Skewness of the footprint about the vehicle direction
of motion may be used to correct the footprint readings
when a vehicle passes obliquely across the array of
sensors.

The invention also functions as a counter of vehicles
passing by a fixed site. This functionality may be
achieved, for example, by actuating a counter that re-
cords the number of times that a sensor transmits the
onset of a force vs. time signature.

EXAMPLE 6

Neural network trained on features extracted from
experimental data

was
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The performance of a neural network of the type
described in Exampie 5 in predicting the tire pressure
for a vehicle/tire not included in the training data is less
accurate than the recall accuracy illustrated m FIG. 11
I have found that a more accurate prediction can be
made by extracting characteristic features from the raw
force data.and using these features as the inputs to a
neural network. The characteristic features are desir-
ably insensitive to phasing of a given tire relative to the
sensors. These characteristics may be determined by
measuring the footprint force distribution for a given
tire. Then a characteristic feature is computed from the

_ distribution. The feature is then redetermined for the
~ same tire by repeating the test with another phased
position. If the computed feature remains reasonably
constant over a number of such tests, then that feature
may be used to train the neural net. A number of such
features have been identified, as discussed below.

Pseudopressure PS defined previously (see Equation
20) furnishes a useful feature. Using a 20 cell array of
contignous 0.5 inch wide sensors, the pseudopressure is
reproducible with average standard deviation of 3.5%
on treaded tires. The ratio PT/PS of tire pressure PT to
pseudopressure PS typically varies over a rather nar-
row range from about 0.33 to 0.67. A neural network
can be trained to a target output of PT/PS rather than
PT in which case the network computes a correction
factor baving 2 limited range of variability. _

It is found that SF the summation of forces over the
active sensors at midpoint in time of a footprint data
pulse serves as another suitable feature.

@1
SF = (.‘f. I-‘;)t,,, (tm = midpoiat time)

The midpoint time is conveniently defined in terms of
the longest data trace which, in tum, corresponds to a
trace from near the meriodional center of the tire. The
corresponding force values are referred to below as the
midpoint slice data or slice data.

Another characteristic feature is furnished by a mea-
sure of midpoint pressure PO. PO is conveniently ex-
tracted from the slice data as an average over a number
of centrally located sensors. For example, using sensors
of 0.5 inch width the number of active sensors typically

. 1%

ot
in
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range from 8 to 12 in number. Discarding the readings
from the three outermost active sensors on both sides of
the footprint results in averaging over 2 to 6 cells to
yield a velue of PO. The value of PO is suitably repro-
ducible from run to run.

Another feature having utility in this work is WF or
force-width, defined by the following.

ZiR; - ¢

1= ?FT
o | @
i given by Eq. (22) defines the force-weighted center of
-the individual force value in the slice data. i is the sensor
number with numbering defined sequentially from one
end of the sensor array to the other. Thus, i represents
the position of the center in units of sensor widths. Eg.
(23) for WF defines a width of the force distribution,
hence a measure of the tire width.
Table 5 lists data from repeat runs illustrating the
relative invariance of these various measures.
~ TABLE5
Reproducibility of Features
Pontisc Grand Prix - Goodrich P205/65RI1S
PT = 290 psi
PO
Run (arbitracy PS WF SF
N Number anits) (psi) {dimensionless) {b)
1 263 464 6.24 336
2 25.1 4.9 823 331
3 . 267 463 5.90 314
4 257 454 626 327
5 263 45. 624 328
6 2538 413 623 326
7 256 433 5.2 275
3 252 4.8 525 y 1}
9 25.6 453 6.28 329
10 255 455 6.18 323
11 254 463 6.19 331
12 33 473 548 300
Avernage 25.75 4597 5.98 3158
Std. Dev. 0.54 0.87 0.38 212

Ratio, % 20 1.9 64 67

The bottom line of the table lists the ratio of standard
deviation to average value for each of the four features,
Both PO and PS are reproducible to 2.0% or better (one
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sigma). WF and SF exhibit a greater scatter, but none-
theless contribute useful concerning tire pressure.

A feature data base was established using data ac-
quired from the footprints of front and rear right tires of
seven vchicles. Three or more repeat readings were
acquired at each of four inflation pressures (37.7, 29.0,
24.7, 11.6 psi). Ahstofvehxclesandtxrsnsg!venm

Tabile 6.
TABLE 6
Data Base Vehicles and Tires

Vehicle Tire Brand Tire Designation

Nissan Sedan "87 Michelin 155/80R 13 M&S
\_ Ford Tempo Invicta 185/70R 14

Saab Turbo *85 Goodyear 195/60HR 15 M&S

Chevy Cav. Wagon '86  Firestone 195/70R 13 M&S

Pontiac GP '90 Goodrich 205/65R 15

Ford Taurus *90 Firestone . 205/70R 14 M&S

Ford Starcraft Van Sears All Season 25/75R15

A three layer neural network was configured having
an equal number of artificial neurons in the input layer
and in the hidden layer, and one neuron in the output
layer. The sigmoidal transfer function was employed in
all but the input neurons. A bias neuron baving unit
output was connected by variable weights to the neu-
rons of the hidden and output layers.

Weights of the network were determined to minimize
error over a training set consisting, for example, of 136

data vectors and their associated target pressure values
N~ (the tire inflation pressures). The Nissan sedan was
_ excluded from this test set. The accuracy of the trained
network in recalling the target pressures is illustrated i
FIG. 12. The root-mean-squace ratio of deviation to
mean pressure was 1.7% over the training set.

The Nissan sedan, which the network/sensor had not
previously seen, was then tested. The predicted pres-
sures are listed in Table 7 wherein it can be seen that the
neural network produces a reasonable estimation of the
actual tire pressures. By including more vehicles in the
data base the accuracy of the method can be further
improved. _
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TABLE 7
Neural Network Predictions of
- _Nissan Sedan Front Tirs Pressures
Actual Inflation Predicted
Pressures, psi Pressure, psi
1.6 1.9
1L6 122
116 1.3
247 25.7
4.7 22
4.7 239
290 315
290 289
290 30.2
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What is claimed is:

1. A system for determining the pressure a pneumatic
vehicular tire while mounted on the wheel of vehicie,
and/or velocity of the vehicle comprising:

a. an array of load sensors which provide a two-di-
mensional pattern of the force distribution exerted
by said tire in contact with said sensors as the vehi-
cle passes over said array;

b. a computer which is programmed (programmed
computer) to determine said tire inflation pressure
and/or velocity from said force distribution data
independent of the make or model of said tire and
said vehicle; and -

c. means for displaying said pressure (and) and/or
velocity. '

2. The system of claim 1 wherein said load sensors are

a linear array located in a driveway such that vehicles
may pass over them.

3. Thesystemofclmmlwheremsmdloadsensorsare
strain gages.

4. The system of claim 1 wherein said sensors are
piezoelectric and/or piezoresistance films.

S. The system of claim 1 wherein said load sensors are
monitored in the driveway approaching or adjacent to
gasoline service pump.

6. The system of claim 1 wherein said programmed
computer (program) includes a neural network.

7. The system of claim 1 wherein said means for dis-
playing is a visual display in close proximity to said
vehicle.

8. The system of claim 1 wherein said force distribu-
tion data is filtered by said computer.

9. The system of claim 1 wherein said force distriba-
tion data is decomposed into symmetrical and unsym-
metrical parts by said computer in order to determine
measures of tire pressure.

10. The system of claim 1 wherein said computer uses
said force distribution data to determine a mean contact
pressure.

11. The system of claim 1 wherein said tire pressure is
determined by said computer by neural network recog-
nition.
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1. - A systemfor determning the pressure a pneumatic
1eREPéAﬁ€M

nount ed on t he wheel

a. an array of |oad sensors which provide a two-di- ngn$§ional pattern
the force distribution exerted by said tire in contaci

t he vehi -

of vehicle, and/or velocity of t

Mtfgqq§y$gnns

25

12. The system of claim 11 wherein said neural (net)

network is trained on inputs that are insensitive to the
posmon of tire on said seasors.

13. The system of claim 12 whercin said neural (net)
network is trained on pseudopressure, summation of
forces, midpoint pressure, and force-width data.

14. The system of claim 8 wherein said neural net is
trained on pseudopressure, summation of forces, mid-
point pressure, and force-width data.

15. The system of claim 1 wherein differences in the

pattern of forces are used to indicate differences in the
inflation pressure of tires.

16. The system of claim 8 wherein differences in the
pattern of forces are used to indicate differences in the
inflation pressure of tires.
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- cle passes over said array; b. a conputer which is progranmred (progranmed

- conputer) to determne said tire inflation pressure ang/-or..velacity. froQm
~said force distribution data independent of the make of RERIgEGENBaHELtife
: and sai d vehicle; and o6 T e s gy
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ABSTRACT

TIRE INFLATION AND VELOCITY SENSOR

A system that will indicate tire inflation and vehicle velocity. An array of strain gage
sensors is used to determine the distribution of contact forces along the width of
a pneumatic tire. A neural network may be employed to classify the patterns of
force sensed in this manner. Additional processing of the data permits vehicle

N velocity to also be determined.
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c. -neans for displaying said pressure (and) and/or velocity. 2. The system
of claim1 wherein said |oad sensors are a linear array located in a
driveway such that vehicles may pass over them 3. The systemof claiml
wherein said | oad sensors are
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strain gages. 4. The systemof claim 1l wherein said sensors are
pirezoel ectric and/ or piezoresistance filns. S. The systemof claiml
wherein said | oad sensors are nonitored in the driveway approaching or

adj-acent to gasoline service punp. : S """%f?;EE;N
LonEy ?_.ia;.;;_:-'s:'itl ok
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6. The systemof claim1l wherein said progranmed conputer (program

I-ncl udes a neural network 7. The system of claim 1 wherein said neans for
dis- playing is a visual display in close proximty to said vehicle. 8. The
systemof claim1l wherein said force distribu-
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tion data is filtered by said conputer. 9. The systemof claim1l wherein
said force distribu- tion data is deconposed into symmetrical and unsym
nmetrical parts by said conputer in order to determ ne neasures of tire

pressure. 10. The system of claim 1 wherein said conputef
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sai.-d force distibution data to determ ne a nean contact pressure. 11. The
systemof claim1l wherein said tire pressure i S determ ned by said conputer
by neural network recog- nition.
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25 12. The system of claim 11l wherein said neural (net) network is trained

on inputs that are insensitive to the position of tire on said sensors.
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13.. The syste of claim 12 wherein said neural (net) network is trained on
pseudopr-essure, summation of forces, mdpoint pressure, and force-w dth
data. 14. The system of claim 8 wherein said neural net is trained on

pseudopressure, summation of forces, md. point presure, and force-w dth
data. REPLACEMENT SHEET
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15. The systemof claim 1l wherein differences in the pattern of forces are
used to indicate differences in the inflation pressure of tires. 16. The

systemof claim8 wherein differences in the pattern of forces are used to
indicate differences in the inflation pressure of tires. .
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