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(57) ABSTRACT 
The relative speed of each of the tires of a vehicle is 
monitored as an indication of the operating State of the 
vehicle, wherein if the vehicle is not operating in one of a 
number of predetermined States, the relative Speed is moni 
tored as an indication of relative preSSure of the vehicle tires, 
and further wherein differences in relative speed not related 
to the predetermined States, and not related to differences in 
relative preSSure, are accounted for. In addition, a Single tire 
preSSure Sensor is employed to account for Over or under 
inflation of Substantially equal proportion in the tires. 
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METHOD AND APPARATUS FOR TRE PRESSURE 
MONITORING 

BACKGROUND 

0001 Motor vehicles are supported by inflatable tires 
having a desired inflation pressure. Improper inflation of a 
tire can lead to poor gas mileage and increased tire wear. 
Maintaining tire inflation within an acceptable range can 
alleviate these issues. To do So however, requires frequent 
measuring of tire preSSure and evaluation of whether that 
preSSure lies within an acceptable range. Moreover, tire 
preSSure will also vary according to temperature and vehicle 
load. 

0002 There are several advantages to maintaining the 
pneumatic tires of an automobile at the inflation pressure 
recommended by the tire or vehicle manufacturer. Vehicle 
handling characteristics are maintained when all tires are 
inflated to the condition Specified by the vehicle designer. 
The loss of pressure in one or more tires on the vehicle may 
result in less than optimum driver control. Inadvertent 
over-inflation of one or more tires may also result in leSS 
than optimum vehicle handling. Operating a vehicle with 
tire pressures outside the recommended inflation range can 
also reduce tire life due to excessive flexing and heating and 
resultant fatigue or wear. Tire pressure monitoring Systems 
have been developed which alert the vehicle operator when 
the pressure in one or more of the tires fitted to the vehicle 
is outside a predetermined range. 
0.003 Indeed, following an increase in public awareness 
of the potential consequences of operating tires outside the 
manufacturers recommended pressure range, legislation has 
been introduced such as proposed FMVSS 138 which 
requires that a tire pressure monitoring System be installed 
as original equipment on all new vehicles Sold in the United 
States after November 2003. 

0004. While several tire pressure-monitoring methods 
have been proposed, two general approaches have been 
favored. One is indirect and relies on the determination of 
the rolling radius of each hub and tire assembly (and often 
linked to the anti-lock brake system (ABS) of the vehicle). 
The Second is direct and relies on the wireleSS transmission 
of a Signal from a transducer module installed in the pres 
surized cavity of each tire. Such systems work well for their 
intended purposes, but there are disadvantages. 
0005 The rolling radius method relies on the signals 
generated by wheel rotation Sensors, typically installed as 
part of an anti-lock braking System. The rolling radius 
represents the actual radius from the center of the tire to the 
generally flattened area of the tire in contact with the ground. 
Because of the flattening at the point of contact of the tire 
and the road or Surface, the rolling radius measures Smaller 
than the nominal radius of the tire as manufactured or 
unloaded, Since the nominal radius does not account for 
variation in pressure within the tire and load on the tire. 
Since the rotational Speed of each wheel is known accu 
rately, the rolling radius of the hub and tire assembly 
mounted at each wheel can be inferred. This system of tire 
pressure monitoring (frequently referred to in the art as 
ABS-tire pressure monitoring) does not, however, provide 
absolute values of preSSure, nor does it provide tire tem 
perature information. If all of the tires on the vehicle were 
to lose preSSure equally over time, Such a System may fail to 
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detect a reduction in pressure in any tire. Also, this System 
requires that data be gathered over Some minimum number 
of wheel rotations in order to allow tire temperatures to 
equalize to Some extent, to determine relative rolling radii, 
and then to approximate each tire pressure. This type of 
System is not well Suited to anything other than installation 
as original equipment. While this type of System is a low 
cost addition to a vehicle equipped with anti-lock brakes, it 
has many performance shortcomings. One of the major 
deficiencies of this System is that if all tires are over or under 
inflated, the differential wheel Speed measurements between 
wheels are not capable of detecting the condition. 
0006 The direct sensing method requires the installation 
of a wireleSS module in contact with the gas within the 
preSSurized cavity of each tire and hub assembly. A matched 
receiving module is installed on a fixed portion of the 
vehicle Such that the transmitted data may be processed and 
presented to the vehicle operator as required. A receiver may 
be positioned within each wheel well of the vehicle, in 
which case it is necessary to install one receiver for each 
monitored tire on the vehicle, or, a single receiver may be 
placed approximately centrally within the vehicle, Such as at 
the interior rearview mirror location. The Significant disad 
Vantage of multiple receiverS is the high additional cost. 
Additionally, installation is difficult unless installed as origi 
nal equipment. 
0007 Thus, there is a need for an improved tire pressure 
monitoring System that overcomes the above disadvantages. 

SUMMARY OF THE INVENTION 

0008 Disclosed generally herein is a method and appa 
ratus for determining the pressure of the vehicle tires via the 
Sensed speed of the vehicle wheels and the tire pressure of 
a single tire. The present invention Substantially reduces its 
Susceptibility to false alarms by determining whether a 
variation in wheel Speed is due to Some external factor, or is 
due to a loSS in pressure in one or more tires. Further, the 
present invention discloses a cost effective means for tire 
preSSure monitoring without employing a pressure Sensor in 
each tire, Such that using a differential wheel Speed algo 
rithm in conjunction with a single tire preSSure Sensor allows 
determination of over or under inflation even if all of the 
tires are over/under inflated to the Same level. 

0009. To effectively reduce the risk of false alarms in the 
System caused by external factors, the present invention 
generally develops predetermined models of the relationship 
between the individual wheel speed values for a variety of 
operating Scenarios. The Scenarios are those that would 
cause notable wheel Speed variations not attributable to loSS 
of tire pressure, Such as the above-described external factors. 
The models thus developed are made available to the routine 
in accord with the present invention, and are compared to the 
sensed speed of the individual wheels. Generally, from this 
comparison, if it is determined that the vehicle is operating 
in Such a manner that the present wheel Speed data is not 
useful for the determination of tire pressure, the data is 
discarded, and the present iteration of the routine is termi 
nated. 

0010. Otherwise, the wheel speed data and single tire 
preSSure data are compared to predetermined models of what 
the data should resemble if there is at least a threshold loss 
of pressure in a vehicle tire. If this comparison indicates a 
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Sufficient loSS of tire pressure, the routine provides an 
indication thereof to the vehicle operator, who can then take 
appropriate action. 
0.011 The above described and other features are exem 
plified by the following figures and detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0012 Referring now to the figures wherein the like 
elements are numbered alike: 

0013 FIG. 1 is a general diagram of the hardware used 
to carry out this invention in accord with this embodiment; 
0.014 FIGS. 2, 3a, and 3b are computer flow diagrams 
used to carry out the Steps in accord with this invention; 
0.015 FIGS. 4a through 4h are diagrams describing 
examples of wheel delta Speed patterns for Some vehicle 
maneuvers, and 
0016 FIGS. 5a through 5h are diagrams describing 
wheel delta Speed patterns for tire leaks. 

DETAILED DESCRIPTION 

0.017. The inflation pressure of conventional automotive 
tires is related to the tire radius in that, to an extent, 
increasing the tire pressure increases the radius. Further, tire 
radius is related to tire rotation speed in that, for a given 
vehicle speed, the tire rotation speed will increase as the tire 
radius decreases. Accordingly, by relating the tire (wheel) 
speed of the vehicle tires to each other, all of which are 
Subject to a common vehicle Speed, information on the tire 
radius and thus on the individual tire inflation pressure is 
made available. 

0.018) Vehicles are available that already have the neces 
Sary hardware for constant monitoring of wheel Speed of 
each of the vehicle's wheels. Accordingly, to implement a 
System that determines tire pressure Status purely on wheel 
Speed information may be relatively inexpensive, as gener 
ally only an algorithm to interpret the already available 
wheel Speed data, and perhaps a low pressure indicating 
means is needed. 

0019. Unfortunately, wheel speed information can indi 
cate things other than deviations in tire pressure. For 
instance, wheel Speed variations may be experienced when 
the vehicle is turning, is accelerating or decelerating, is 
going up or down Steep grades, when at least one of the 
vehicle wheels is slipping, or when there is a croSS wind 
bearing in the vehicle. Furthermore, wheel Speed informa 
tion may not indicate deviations in tire pressure when any 
deviation is substantially the same for all tires involved. For 
example, if after a period of time, each tire loses the same 
amount of preSSure or each is under inflated to Substantially 
the Same value, relative wheel Speed information is inad 
equate to detect Such a condition. 
0020. These “external factors”, unless properly 
accounted for, can erode the accuracy of the pressure moni 
toring System, and can cause false indications of low tire 
preSSure or fail to indicate the same. Further, idiosyncrasies 
in the vehicle itself may bias the individual wheel speed 
values, increasing the potential for false indications of 
preSSure loSS. Such biases are typically difficult to account 
for, for instance by a predetermined model of vehicle 
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behavior, as the biases are often vehicle Specific, and can 
change in unpredictable ways throughout the life of the 
vehicle. 

0021. In response to the above-described external factors, 
the present invention compensates therefore by detecting 
when the factors are at work, and by dismissing the data 
skewed thereby as not being indicative of loSS of tire 
preSSure. Further, the present invention develops an adaptive 
model of the behavior of the wheel speed information in the 
absence of external factors, and in the absence of detected 
leaks in the tires. The model is continuously updated So as 
to make available an updated account of the vehicle bias not 
due to external factors or tire leaks. The present invention 
uses this information to further Screen the wheel Speed data 
in conjunction with a known tire pressure with respect to one 
of the tires. 

0022. The hardware necessary to sense and process the 
wheel speed at the four wheels is shown in FIG. 1. Con 
ventional wheel speed sensors 10a, 10b, 10c, and 10d are 
located at the wheels of a conventional automotive vehicle, 
and provide the speed of the left front wheel WLF, the right 
front wheel WRF, the left rear wheel WLR, and the right rear 
wheel WRR to a conventional electronic controller 12, Such 
as a Motorola MC68HC11 single chip microcomputer. The 
wheel Speed information is Stored in conventional micro 
computer random access memory 14. At pre-specified times 
during the operation of the controller, information is trans 
ferred from the conventional read only memory 16 to 
random access memory 14, So as to be more accessible to 
controller 12. 

0023 Still referring to FIG. 1, a tire pressure sensor 15 
is mounted at a right front wheel, however any one of the 
four driven wheels may be selected for mounting sensor 15 
thereat. For example, tire pressure Sensor 15 may be respec 
tively located in a tire mounted at the driver-side front 
wheel, a tire mounted at the driver-Side rear wheel, a tire 
mounted at the passenger-side front wheel, and a tire 
mounted at the passenger-side rear wheel on the vehicle. 
Such a Sensor includes a preSSure transducer capable of 
measuring tire inflation preSSure, and preferably includes a 
transmitter (Such as a radio frequency (RF) transmitter or the 
like) for wireless communication of this data to controller12 
or another controller located in the interior of the vehicle. 
Tire preSSure Sensor 15 provides an actual measured pres 
Sure output for the actual measured tire preSSure in the 
respective tire to controller 12. The sensor is moved with its 
respective tire when the tires are changed or rotated, while 
the wheel locations remain fixed on the vehicle. 

0024. The term “tire,” as used herein, refers to the tire and 
hub combination or assembly, which is mounted to a wheel 
of the vehicle. Also, the term “wheel” refers to the particular 
rotatable portion of the corner assembly or the like of the 
vehicle. Each wheel includes the lugs or Studs extending 
therefrom (on which the hub and tire is mounted) and may 
include the rotor or drum of the brake system of the vehicle. 
The tires and any associated Sensor 15 may be rotated or 
moved from one wheel of the vehicle to another, while the 
wheels remain generally fixedly positioned at the respective 
corners of the vehicle. 

0025 Sensor 15 may be installed by strapping or other 
wise attaching the sensor to the hub rim within the tire, by 
replacing the tire valve stem with a combined tire valve and 
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Sensing module, or by attachment of the Sensor to the 
exterior of the existing tire valve, or by any other means 
which mounts or positions the Sensor at least partially within 
or in communication with the pressurized chamber of the 
tire, without affecting the Scope of the present invention. 
Sensor 15 may be battery powered, may use wheel motion 
to generate power, or may rely on induction from a Source 
mounted on a fixed portion of the vehicle, without affecting 
the scope of the present invention. Sensor 15 preferably 
incorporates a pressure transducer, a temperature Sensing 
means, a processor to encode data in a format unique to the 
module, and a transmitter, Such as an RF transmitter or the 
like. 

0026 Controller 12 includes an antenna (not shown, such 
as a radio frequency or RF antenna) and receiver circuitry 
for the tire pressure Signal wirelessly broadcast from Sensor 
15 (as shown in FIG. 1). Controller 12 is preferably posi 
tioned within the interior of the vehicle, and preferably at, 
within or on an interior rear View mirror assembly or at, 
within or on an overhead console (not shown) in the interior 
cabin of the vehicle. The controller 12 may receive a 
generally continuous input from pressure Sensor 15 and may 
generate a preSSure pattern or pressure Signature for the 
particular tire having Sensor 15 for a given period of time, 
Such as for a predetermined period of time following each 
activation of the vehicle ignition or the like. 
0027 Preferably, the location or wheel at which the 
particular pressure Sensor 15 and tire is mounted is stored in 
the controller's memory when the vehicle is shut off, such 
that the location or wheel at which sensor 15 is positioned 
is known at the time of the next start up of the vehicle. Upon 
Starting and driving the vehicle, controller 12 may compare 
the pressure output data from the Sensor with the particular 
deduced characteristic pattern or Signature associated with 
the previously known sensor location or wheel. If the 
measured pressure matches the pattern or signature at the 
previous location or wheel at which the Sensor and tire was 
located, the control need not make any further comparison 
of the pressure data with other patterns of deduced charac 
teristics, Since the control may conclude that the position of 
the tires on the vehicle has not changed from the previously 
known location (i.e., the tires were not rotated while the 
ignition was off). However, if the patterns do not match, the 
controller may then compare the pressure Sensor output with 
each of the other characteristic patterns or Signatures for 
each of the other wheel locations via wheel Speed Sensors 
10a-10d, in order to determine the new wheel or location of 
the particular tire and Sensor. After the wheel or location is 
determined, controller 12 may display the pressure output 
from the preSSure Sensor 15 and the corresponding location 
or wheel of the output on a display or indicating means 18. 
By only conducting further comparisons of the patterns or 
Signatures of the position of the Sensor (and tire) appears to 
have changed, the tire preSSure monitoring System of the 
present invention provides a quick confirmation of the 
location of the pressure Sensor and tire without further 
evaluation of data unless Such further evaluation is neces 
Sary to determine the new wheel or location of the pressure 
Sensor and tire. 

0028. The wheel speed information from wheel speed 
sensors 10a-10d is used to determine first whether the 
vehicle is operating in a manner wherein it is assumed that 
reliable tire pressure information is available from the wheel 
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speed data. If reliable information is available, the wheel 
Speed data is used to determine whether there has been a 
recent pressure loSS in one of the vehicle tires in conjunction 
with the tire pressure output. The vehicle operator is notified 
via indicating means 18 if Such a loSS is found. 

0029. The routines used to process the wheel speed 
information So as to make the above-described determina 

tions are illustrated in FIGS. 2, 3a, and 3b. When power is 
first applied to the System, Such as when the vehicle ignition 
Switch is rotated to its “on” position, the routine of FIG. 2 
is initiated at point 20, and proceeds to block 22, to provide 
for general System initialization. For example, at this Step 
initial values Stored in the computer read only memory 
ROM 16 are entered into ROM designated random access 
memory 14 locations, and counters, flags and pointers are 
initialized. 

0030. After the initialization block, the routine proceeds 
to block 24 where interrupts are enabled, Such as by resetting 
the interrupt mask bit in the condition code register. Next, 
the routine proceeds to a background loop at block 26, which 
is continuously repeated. This loop may include, for 
example, diagnostic and maintenance routines. In this 
embodiment, the background routine is interrupted every 
100 milliseconds to execute the routine used to carry out the 
blockS Specifically embodying the principles of this inven 
tion. 

0031) This routine is illustrated in FIGS. 3a and 3b, and 
is entered, upon the occurrence of the 100 millisecond 
interrupt, at block 40. The routine proceeds to block 41 to 
measure the tire pressure of one of the vehicle wheels, for 
example using tire pressure sensor 15 illustrated in FIG. 1. 
If Sensor 15 detects a pressure higher or lower than a 
threshold value, then block 70 discussed more fully below 
with respect to FIG. 3b. Next, the routine proceeds to block 
42 to measure the angular speed of the vehicle wheels, for 
example using the four sensors 10a–10a illustrated in FIG. 
1. The routine then proceeds to block 44, to calculate the 
vehicle Speed as an average of the four wheel Speed values, 
as measured by the Sensing configuration of FIG. 1, accord 
ing to the following equation: 

0032. The routine then proceeds to block 46 to calculate 
PD), which is a matrix of adjusted delta Speed patterns, 
according to the following equation: 

AF 

AB 

AL 

AR 

AD 

AX 

- (wa 3 (VO) 
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0033 where 

AF LF - RF 

AB LR-RR 

AL LF-LR 

AR RF-RR 

AD LF-RR 

AX RF-LR 

0034) and VO) is a vehicle offset matrix, representing a 
long term measure of the vehicle wheel Speed response in 
the absence of external factors and in the absence of detected 
tire leaks. The VO) matrix will be described in more detail 
later in this description. The calculated matrix PD is stored 
in controller memory for use later in this routine. 
0035. The routine next proceeds to block 48, to determine 
PS), which is a matrix representing the Summation of 
calculated PD matrices over a predetermined period of 
time. In this embodiment, the PD matrix is calculated 
every 100milliseconds, per the above-described iteration 
rate of the routine illustrated in FIGS. 3a and 3b. Further, in 
this embodiment, the PS matrix is the Sum of the most recent 
ten PD matrices and, as Such, represents a sampling of 
wheel Speed activity over the last one Second of operation. 
0036. After determining the PS matrix, the routine 
moves to block 50, to compare each of the constituent 
elements of the PS matrix to a predetermined deadband 
value Ö. This comparison is a means by which it may be 
efficiently determined at an early point in the execution of 
the routine whether the entries in the PS matrix indicate 
that the vehicle is not experiencing any excursions from 
what is assumed to be maneuver-free and leak-free opera 
tion. In other words, the inventors have determined that 
early on in this detailed analysis of wheel Speed information, 
a relatively simple check can be made on the delta wheel 
Speed information, by which the routine may ascertain that 
no Suspicious activity is going on which may give rise to a 
later detection of a loSS of preSSure in one of the vehicle tires. 
0037 Accordingly, if all of the elements of the PS 
matrix are less than the deadband value Ö, the routine of 
FIGS. 3a and 3b returns, via block 78, to the background 
routine of FIG. 2, as the difference in wheel speeds is so 
Small that it is assumed that there are no Substantial losses 
of tire pressure. However, if, at block 50, any element of the 
PS matrix exceeds 6, the routine must proceed to deter 
mine whether the deviation is the result of a vehicle maneu 
ver, or is the result of a loSS of pressure in one of the vehicle 
tires. 

0.038. To carry out this further analysis, the routine pro 
ceeds to block 52, to normalize the PS matrix. The 
normalization proceSS is merely a means to condition the 
elements of PSSo as to provide a basis of comparison to 
likewise normalized predetermined comparison values. The 
proceSS used in this embodiment is one recognized as a 
Standard means of mathematical normalization, Specifically, 
dividing each of the elements of the PS matrix by the 
absolute value of the element thereof with the largest mag 
nitude. The normalized matrix, designated PSI, has six 
elements, PS' through PS, all of which necessarily have a 
magnitude less than or equal to one. 
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0039 The inventors contemplate that the above-de 
Scribed normalization proceSS is merely one means of pro 
Viding a basis of comparison between the elements of the 
PS matrix and likewise normalized values, and that other 
means of providing a basis of comparison may be equally 
Suited for the purposes of this routine, and could be Substi 
tuted at block 52without departing from the true spirit of this 
invention. 

0040. The routine next proceeds to block 54, to calculate 
four characterization values. These values are derived from 
the elements of the normalized wheel Speed pattern matrix 
PS"), and characterize the vehicle behavior as described by 
the most recent one Second of wheel Speed data. The 
information is characterized So as to indicate whether the 
vehicle is in an operating State which normally has Such a 
deleterious effect on the content of the wheel speed data that 
it is unlikely that any useful information will be available 
from that wheel speed data on the pressure of the vehicle 
tires. 

0041. Once the characterization values are calculated, if 
it is determined that the vehicle is operating in Such a State, 
the routine will simply discard the most recent wheel Speed 
information as being Substantially valueless for the purposes 
of this routine, and will return to the background routine of 
FIG. 2 straight-away. However, if the vehicle is operating in 
Such a State that valuable information on tire pressure may 
be derived from the wheel speed data, the routine will 
proceed to a derivation process, as described in blockS 59 
through 76 of the routine of FIGS. 3a and 3b. 
0042 Specifically to carry out this process, the routine at 
block 54 calculates characterization values for vehicle 
maneuvers, Such as an acceleration value ra, a deceleration 
value rd, a left turn value rl, and a right turn value rr, 
according to the following equations: 

ra = 1 / (PS-PA) = (PS-PA2) = ... = (PS - PA6)) 

rd = 1/((PS - PD) = (PS3 - PD) = ... = (PS, - PD6)) 

rl = 1/((PS - PL) = (PS3 - PL2) = ... = (PS - PL6)) 
rr = 1/((PS-PR) = (PS-PR) = ... = (PS, - PR6)) 

0043 where the six elements of each of the PA), PD), 
PL), and PR matrices are as shown in FIGS. 4b, 4d, 4f. 
and 4h, respectively. These matrices consist of predeter 
mined, normalized values, taking on one of the three values 
-1, 0, or 1, which are meant to indicate the magnitude 
relationship between the Speed of the respective wheels, as 
shown in the diagrams of FIGS. 4a, 4c, 4e, and 4g, while the 
vehicle is operating in one of a predetermined variety of 
operating conditions, Such as acceleration, deceleration, or 
turning, with the assumption of equal preSSure in the tires. 
However, use of tire pressure sensor 15 will alert the driver 
if all four tires are equally low or equally high compared to 
a predetermined tire pressure as will be discussed more fully 
below. Moreover, use of a steering Sensor allows more 
robust detection for determining whether the vehicle is 
turning, also discussed more fully below. 

0044) For instance, a value of 0 indicates the speed of the 
two wheels normally will be substantially the same in the 
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indicated operating condition. A value of -1 indicates that 
the Second wheel has a greater Speed than the first, and a 
value of 1 indicates that the first wheel has a greater Speed 
than the Second in the indicated operating condition. The 
ordering of the wheels for this purpose is as was described 
in the calculation of PD at block 46 of the routine of FIG. 
3a. For example, referring to FIGS. 4a and 4b, PA), the 
matrix representing normal wheel Speed relationships during 
vehicle acceleration, shows that the two front wheels should 
be approximately the same Speed, the two rear wheels 
should be approximately the same Speed, and each of the 
front wheel speeds should be less than each of the rear wheel 
Speeds. 

0045 Similarly, PD), PL), and PR characterize the 
wheel Speed relationships during deceleration, left turn, and 
right turn, respectively. Furthermore, the inventors intend 
that other characterizations may be determined at this Step 
beyond the four mentioned, that likewise may have a del 
eterious effect on the value of the wheel Speed information, 
Such as the presence of wind with a Substantial croSS-Wind 
component, Severe uphill or downhill travel, or operation 
with a tire Slip condition. Matrices characterizing these 
additional external factors may be included herein without 
departing from the true Spirit of this invention. 
0046. After determining the characterization values at 
step 54, the routine proceeds to step 56, to determine a A1 
matrix according to the following equation: 

ic 

rd trad 
A1 = 

r trl 

r t 

0047 where tra, trad, trl, and trr are the threshold recog 
nition values for the maneuvers of acceleration, decelera 
tion, left turn, and right turn, respectively. 
0.048. These recognition threshold values represent the 
approximate minimum magnitude of the recognition values 
ra, rd, rl, and rr that correspond to a material maneuver, 
which is a maneuver determined to be so Substantial that the 
wheel speed information available while that maneuver is 
taking place is, in the context of tire pressure detection, 
Substantially valueless. AS mentioned, the inventors intend 
that other recognition values, and recognition threshold 
values could be included here, which also have a negative 
effect on the value of the wheel speed information vis-a-vis 
tire preSSure detection. 
0049 Accordingly, if any recognition value exceeds or is 
equal to its corresponding recognition threshold value, the 
wheel Speed data as determined and conditioned at the 
preceding blockS 42 through 54 is assumed to be So Skewed 
that information on the present tire pressure either is not 
available from that data, or is too difficult to reproduce 
therefrom for the purposes of this routine. Accordingly, the 
data is discarded. 

0050 Specifically, the routine at block 56, determines the 
elements of the A1 matrix by Subtracting the recognition 
threshold values from their corresponding recognition Val 
ues, as shown above. Next, at block 58, if any of the 
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elements of the A1 matrix are greater than or equal to Zero, 
indicating that the wheel Speed information may be skewed 
by a recent vehicle operating condition, the routine proceeds 
to block 78, to return to the background routine of FIG. 2 
without saving the calculated PS matrix. 
0051) Alternatively, if all of the elements of the A1 
matrix are leSS than Zero, the vehicle is assumed to be 
operating in a Sufficiently stable operating condition that 
valuable tire pressure information may still be available 
from the wheel Speed data. Accordingly, the routine pro 
ceeds to blocks 59 through 76, to determine whether there is 
a Substantial loSS of pressure in any of the vehicle tires. 

0.052 The routine thus proceeds to block 59, to store the 
elements of the PS matrix in controller random access 
memory 14 for future use. Next, the routine advances to 
block 60 to determine PM), which is a matrix representing 
a Sampling of delta wheel Speed behavior over a predeter 
mined period of time. For example, in this embodiment, the 
PM matrix is a summation of the ten most recent PS 
matrices and, as Such represents a Sampling of the delta 
wheel speed information over the most recent 10seconds of 
operation. 

0053) The routine next moves to block 61, to store the 
elements of the PM matrix in controller random access 
memory 14 for later use. The routine proceeds next to block 
62, to normalize the elements of the PM matrix, by 
dividing each PM element by the absolute value of the 
PM element with the largest magnitude, in the manner 
described above at block 52 of the routine of FIG. 3a. The 
matrix of six normalized values, PM, through PM, is then 
stored as PM"). The normalizing block 62 is merely a means 
of conditioning the elements of the PM matrix, to put them 
in a form more useful for the mathematical purposes of the 
routine of FIG.3b. However, the inventors envision that any 
means of preparing the delta wheel Speed information for 
Such mathematical manipulation as will be described shortly 
would be Sufficient at block 62. 

0054) Next, the routine advances to block 64, to calculate 
rlf, rlrf, rib, and rlrb, which are indicative of the degree of 
preSSure degradation in each of the four tires of the vehicle. 
In other words, these four values are in such form that they 
indicate the tire pressure of each of the four vehicle tires. 
They generally are based on the aggregate deviation of the 
delta wheel Speeds from a predetermined set of wheel Speeds 
indicative of leaks in each of the four tires of the vehicle. 
They specifically are determined from the following equa 
tions: 

rlf = 1 / (PM - PLLF) = (PM4 - PLLF) = ... = (PMA - PLLF6)) 

riff = 1/((PM - PLRF) = (PM - PLRF2) = ... = (PMA - PLRF)) 
rlb = 1/((PM - PLLB) = (PM4 - PLLB) = ... = (PMA - PLLB6)) 
rirb = 1/((PMI - PLRB), = (PM:- PLRB,) = ... = (PMA - PLRB),) 

0.055 where PLLF), PLRF), PLLB), and PLRB) are 
matrices with Six elements each, representing normalized 
characterizations of each of the Six delta wheel Speed 
relationships experienced while the vehicle is undergoing a 
leak in one of its tires. As shown in FIGS. 5b, 5d, 5f, and 5h, 
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the elements of these matrices take on one of the three values 
-1, 0, or 1. These values are meant to indicate the magnitude 
relationship between the Speed of the respective wheels, as 
shown in FIGS.5a, 5c, 5e, and 5g, while each individual tire 
is operating in a low preSSure condition. 
0056. For instance, a value of 0 indicates the speed of the 
two wheels is Substantially the same. A value of -1 indicates 
that the Second wheel has a greater Speed than the first, and 
a value of 1 indicates that the first wheel has a greater Speed 
than the Second. The ordering of the wheels for this purpose 
is as was described in the calculation of PD at block 46 of 
the routine of FIG.3a. For example, referring to FIGS. 5a 
and 5b, PLLF), the matrix representing normal wheel speed 
relationships while the left front tire is low in pressure, 
shows that the left front wheel should be rotating at a higher 
speed than the other three tires, and that the other three 
should be rotating at approximately the same Speed. 
0057 Similarly, the PLRF), PLLB), and PLRB matri 
ceS characterize the wheel Speed relationships with low 
preSSure in the right front, left rear, and right rear tires, 
respectively. The Six values in each of these matrices are 
normalized to illustrate the trend in comparative wheel 
Speeds under the aforementioned leaks, and are shown 
specifically in FIGS. 5b, 5d, 5f, and 5h. 
0.058 Accordingly, the four calculated values are sum 
mations of delta Speed deviations for all of the delta Speed 
values, between the present vehicle operating condition and 
the operating condition as should be expected for a leak in 
the front left tire, the front right tire, the left rear tire and the 
right rear tire, as discussed. After calculating the four values, 
the routine moves to block 66, to calculate a A2 matrix, 
according to the following equation: 

rlf trilf 
r trir A2 = f f 
rit trip 

riri trirb 

0059) where trllf, trilrf, trllb, and trilrb are threshold rec 
ognition values for leaks in each of the vehicle tires, 
including a left front tire leak, right front tire leak, left rear 
tire leak, and right rear tire leak, respectively. 
0060. These recognition threshold values represent the 
approximate minimum magnitude of the recognition values 
rlf, rlrf, rlb, and rlrb that correspond to a minimum leak, 
which is a leak determined to be of a degree that it can be 
detected and should be addressed. Accordingly, if any rec 
ognition value exceeds or is equal to its corresponding 
recognition threshold value, a leak of at least minimum size 
is assumed, and the vehicle operator is notified thereof. 
0061 Specifically, the routine at block 66, calculates the 
elements of the A2 matrix, by Subtracting the recognition 
threshold values from their corresponding recognition Val 
ues as shown above. Next, at block 68, if any of the elements 
of the A2 matrix are greater than or equal to Zero, indi 
cating the presence of at least one leak, the routine proceeds 
to block 70, to indicate the leak condition to the operator of 
the vehicle via a conventional indicating means 18, Such as 
by illuminating a descriptive warning light on the instrument 
panel of the vehicle, or by Sounding an aural alert in the 
vehicle cabin. 
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0062 Further, the inventors intend that the leak indicat 
ing means may include means for distinguishing critical 
information on the leak itself, and apprising the vehicle 
operator of that information. For example, included in this 
information could be the location of the leak, which may be 
determined from the specific element of the A2 matrix that 
is greater than or equal to Zero as determined at block 68, or 
further the magnitude of the leak, which may be determined 
from the degree of deviation from Zero at block 68, or still 
further the time history of the magnitude of the leak. 
Preferably, the magnitude of the leak may be determined 
more accurately by incorporating the pressure Sensor 15 
output in conjunction with a predetermined tire pressure. In 
this manner, regardless of whether the leak coincides with 
the tire having sensor 15 therewith, the magnitude of the 
leak may be more accurately defined. After apprising the 
driver of the detected leak, the routine proceeds to block 78, 
where it is directed to return to the background routine 
illustrated in FIG. 2. 

0063 Alternatively, if all of the elements of the A2 
matrix are less than Zero, it is assumed that there are no 
material leaks in the vehicle tires, and the routine proceeds 
to block 71 to determine if a tire pressure indicated by sensor 
15 indicates a pressure materially higher or lower than a 
predetermined optimum preSSure. For example, if the opera 
tor parks the vehicle for an extended period of time in 
elevated temperatures, all of the tires may Substantially 
deflate in equal proportion. In this case, all of the elements 
of the A2 matrix are less than Zero and will not indicate 
substantial deflation of the four tires since they have deflated 
proportionally. By incorporating tire pressure Sensor 15with 
the above described algorithm, Such a condition may be 
detected. For instance at block 71, if a delta tire pressure 
(ATP) is less than or greater than a predetermined threshold 
value, then block 70 indicates a low/high pressure value 
depending on the sign of ATP. The ATP is the predetermined 
optimum tire pressure minus the actual tire preSSure indi 
cated by tire pressure sensor 15. If the resulting difference is 
a positive value, block 70 indicates low pressure while if the 
difference is negative, a high pressure is indicate at block 
70. If the absolute value of delta TP is within the predeter 
mined threshold, then block 72 determines if a tire reset has 
occurred since the last execution of block 72. A tire reset 
occurs either manually or automatically when the tires or 
wheels of the vehicle are changed. 
0064. The inventors have determined that a tire change 
will so substantially affect the elements of the vehicle offset 
matrix VO), that upon a tire or wheel change, prior vehicle 
offset information will be substantially obsolete. As such, 
upon a tire or wheel change, old information contributing to 
the calculation of the elements of the VO) matrix will be 
discarded, and only information accrued Since the change 
will be factored into the determination of the VO) matrix. 
AS Stated, the reset may be made manually, Such as by 
Switch actuation by the vehicle operator or by the tire or 
wheel change technician, or may be made automatically, 
Such as by a Switch actuated when the vehicle tires or wheels 
are changed. 
0065 Accordingly, if at block 72, a reset has occurred, 
the routine proceeds to block 74, to clear the elements of the 
prior VOI matrix in controller memory. Next, or if there has 
not been a reset, the routine proceeds to block 76, to update 
the vehicle offset matrix VO), according to the following 
equation: 
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0.066 where AF, AB, AL, AR, AD, and AX are the six 
delta wheel speed values as calculated at block 46 of FIG. 
3a, and W, is the present vehicle speed, as calculated above 
at block 44 of FIG.3a. VO is a matrix that aggregates delta 
wheel Speed values while the vehicle is operating in Such a 
state that the four wheels of the vehicle ideally should be 
operating at the same Speed, Such that the delta Speed values 
should be Substantially Zero. Any non-Zero delta Speed value 
indicates Some bias in the readings not attributed to external 
factorS Such as vehicle maneuvers, and not attributed to tire 
leakS. 

0067 Such values are aggregated and scaled by the 
present vehicle Speed at block 76, the Scaling being required 
due to the dependence of the magnitude of the delta wheel 
Speed values on Overall vehicle Speed. The resultant values 
are subtracted from delta wheel speed data at block 46, 
before that data is used for the purposes of this invention. 
The six constituent elements of the VO) matrix are scaled 
Sums including all delta Speed values determined and Stored 
from the last tire reset, Subject to three constraints. 
0068 First, as is obvious from the flow of FIGS. 3a and 
3b, the Summed and Scaled values do not include delta wheel 
Speed information taken when the vehicle is Subject to Some 
external factor or is in Some maneuver, Such as accelerations 
or turns. Second, as is also obvious from the flow of FIGS. 
3a and 3b, the Summed Scaled values do not include delta 
wheel Speed information when a leak has been detected at 
block 68. Third, the Summed Scaled values in this embodi 
ment only include a predetermined amount of past Stored 
delta wheel Speed data, as it is assumed that data eventually 
becomes stale in that it is only indicative of the “steady 
state” vehicle behavior for a predetermined period of time 
after being calculated. In this embodiment, only data for at 
most approximately the last 20 hours of operation is used in 
the calculation of the VO) matrix. 
0069. Accordingly, Subject to the above-described three 
constraints, the vehicle offset is determined at block 76, after 
which the routine returns to the background routine of FIG. 
2, via block 78.The use of the VO) matrix in the determi 
nation of both vehicle maneuvers and tire leaks provides a 
means of adapting the leak Sensing means to Virtually all 
unmodeled disturbances in the Sensed delta wheel Speed 
values, thereby providing a leak detecting means leSS prone 
to false alarms. Further, the overall flexibility of the control 
provides for expansion of the coverage to Such Sources of 
false alarms as croSS-Winds, and travel on Steep slopes. 

0070. In an alternative embodiment and referring to FIG. 
1, a steering input via a steering wheel 80 is detected by a 
Steering Sensor 82. Steering Sensor 82 in turn generates a 
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signal 84 to controller 12 indicative of the steering input to 
steering wheel 80. For example, when steering wheel 80 is 
Steering the vehicle in a Substantially longitudinal direction 
with respect to the vehicle, Sensor 82 generates Signal 84 
indicative that the vehicle wheels should be spinning at the 
Same Speed hen directed in the longitudinal direction absent 
any over/under inflation of any of the four wheels or absent 
any vehicle maneuvers. In this manner, the above described 
estimating/averaging algorithm can be more robust. More 
Specifically, use of Steering Sensor 82 may facilitate deter 
mination that aggregate delta wheel speed values VO is 
indicative that the vehicle is operating in Such a State that the 
four wheels of the vehicle ideally should be operating at the 
Same Speed, Such that the delta Speed values should be 
Substantially Zero. Any non-Zero delta Speed values indicates 
Some bias in the readings not attributed to the vehicle turning 
when Steering Sensor 82 generates Signal 84 indicative of an 
intended Straight heading. Furthermore, when Signal 84 is 
indicative that the vehicle is not turning, many of the 
predetermined States that delay the estimating algorithm to 
establish any Speed variation among wheels is eliminated. 
Thus the determination of a low pressure wheel can be 
dramatically accelerated. Via the use of the Steering Sensor 
and wheel Speed data from all four wheels a determination 
of a presence of a Spare tire or a dramatically deflated tire 
can be determined within Seconds of Straight driving. This 
allows for a timely warning to the driver of the condition 
thus enhancing safety. 

0071. In the above described embodiments, it will be 
recognized that a vehicle having an antilock brake System 
(ABS) merely needs to add one tire pressure Sensor 15, Since 
the ABS system already includes wheel speed sensors 10a 
10d with respective wheels for operation of the ABS system. 
To that end, by adding a single tire pressure Sensor 15 to one 
of the four wheels and using the existing algorithm, a 
determination that not only is a tire is low, but also which 
one, and by approximately how much based on the differ 
ential Speed of the tire with the tire pressure Sensor and any 
other wheel. Also, the condition of all four tires being low, 
or high, can be immediately detected due to the available 
direct measurement afforded by tire pressure sensor 15.The 
cost of adding one tire pressure Sensor as opposed to adding 
four tire preSSure Sensors provides a Substantial cost Savings 
when considering a possible future mandate by the Depart 
ment of Transportation to have Such tire pressure monitoring 
Systems, which entails incorporation in about 16 million cars 
per year in the United States. 

0072) While the invention has been described with ref 
erence to an exemplary embodiment, it will be understood 
that by those skilled in the art the various changes may be 
made and equivalents may be Substituted for elements 
thereof without departing from the Scope of the invention. In 
addition, many modifications may be made to adapt a 
particular situation or material to the teachings of the 
invention without departing from the essential Scope thereof. 
Therefore, it is intended that the invention not be limited to 
the particular embodiment disclosed as the best mode con 
templated for carrying out this invention, but that the inven 
tion will include all embodiments falling within the scope of 
the appended claims. 
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1. A method for indicating a pressure loSS condition in 
tires of a vehicle, each tire having a speed related to vehicle 
Speed and to vehicle operating condition, the method com 
prising: 

Storing a predetermined number of tire Speed patterns, 
each tire Speed pattern representing relative tire Speed 
conditions corresponding to a respective normal 
vehicle operating condition which results in tire Speed 
variations, 

Storing a predetermined tire pressure for the tires, 
Storing a respective tire Speed pressure loSS pattern for 

each tire representing a relative tire Speed condition 
when Said tire is experiencing a pressure loSS condition: 

Sensing the Speed of each of the tires, 
Sensing the preSSure of a single tire of the tires, 
Sensing if the vehicle is turning: 
determining an actual tire Speed pattern from the Sensed 

Speeds of the tires representing an actual relative tire 
Speed condition; and 

determining if the actual tire Speed pattern corresponds to 
any one of the Stored tire Speed patterns based on 
whether or not the vehicle is turning, and 
(A) if not, determining whether there is a pressure loss 

condition in the tires by comparing the actual tire 
Speed pattern with the Stored tire Speed pressure loSS 
patterns and indicating a pressure loSS condition 
when the actual pattern corresponds to at least one of 
the Stored tire Speed preSSure loSS patterns, and 

(B) if So, bypassing the step of determining whether 
there is a pressure loSS condition. 

2. The method of claim 1, further comprising Storing a 
respective tire Speed pressure loSS pattern for each tire 
representing a relative tire Speed condition when Said tire is 
experiencing a preSSure loSS condition, and wherein the 
determining a pressure loSS condition includes comparing 
the actual tire Speed pattern with the Stored tire Speed 
preSSure loSS patterns and indicating a pressure loSS condi 
tion when the actual pattern corresponds to at least one of the 
Stored tire Speed pressure loSS patterns. 

3. The method of claim 1, further comprising comparing 
the Sensed tire pressure of the Single tire with the predeter 
mined tire pressure for the tires and indicating a pressure 
loSS condition when a difference therebetween exceeds a 
predetermined threshold value. 

4. The method of claim 1, wherein the determining if the 
actual tire Speed pattern corresponds to any one of the Stored 
tire Speed patterns includes employing a steering Sensor 
configured to determine whether the vehicle is turning. 

5. The method of claim 1, wherein the determining if the 
actual tire Speed pattern corresponds to any one of the Stored 
tire Speed patterns is bypassed when a Steering Sensor 
indicates a Straight vehicle heading and 

(A) determining whether there is a pressure loss condition 
in the tires in accord with the actual tire Speed pattern 
and the Sensed tire pressure, and 

(B) if So, bypassing the Step of determining whether there 
is a preSSure loSS condition. 
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6. An apparatus for indicating a pressure loSS condition in 
tires of a vehicle, each tire having a speed related to vehicle 
Speed and to vehicle operating condition comprising: 

a first memory Storage configured to Store a predeter 
mined number of tire Speed patterns, each tire Speed 
pattern representing relative tire Speed conditions cor 
responding to a respective normal vehicle operating 
condition which results in tire Speed variations, 

a Second memory Storage configured to Store a predeter 
mined tire pressure for the tires, 

a Steering Sensor configured to determine whether the 
Vehicle is turning; 

a wheel Speed Sensor comprising at least one of a wheel 
Speed Sensor a wheel rotation Sensor, a wheel position 
Sensor, a rotary encoder, a temperature Sensor, a steer 
ing wheel, a differential, and a wheel slip Sensor, in 
operable communication with each tire, each of the 
corresponding wheel Speed Sensor configured to Sense 
the Speed of each respective tire and generate a corre 
sponding Signal indicative thereof; 

a single tire preSSure Sensor in operable communication 
with a Single tire, Said tire pressure Sensor configured to 
generate a signal indicative of a tire pressure of the 
Single tire; and 

a controller configured to receive the Signals indicative of 
wheel Speed and Single tire pressure, the controller 
being configured to determine an actual tire Speed 
pattern from the Sensed Speeds of the tires representing 
an actual relative tire Speed condition, the controller 
being configured to compare the actual tire Speed 
pattern to the Stored tire Speed patterns, and configured 
to compare the Sensed tire pressure to the Stored 
predetermined tire preSSure, 

wherein the controller determines whether there is a 
preSSure loSS condition of the tires in accord with the 
actual tire Speed pattern and Sensed tire preSSure, the 
preSSure loSS condition being operative upon occur 
rence of at least one of the actual tire Speed pattern not 
corresponding to any one of the Stored tire Speed 
patterns and the Steering Sensor indicating the vehicle is 
not turning. 

7. The apparatus of claim 6, further including a steering 
Sensor configured to determine whether the vehicle is turn 
ing, wherein the pressure loSS condition is operative when 
the Steering Sensor indicates the vehicle is not turning. 

8. The apparatus of claim 6, further comprising a third 
memory Storage configured to Store a respective tire Speed 
preSSure loSS pattern for each tire representing a relative tire 
Speed condition when Said tire is experiencing a preSSure 
loSS condition, and wherein the pressure loSS condition is 
configured to compare the actual tire Speed pattern to the 
Stored tire Speed pressure loSS patterns, and configured to 
indicate a pressure loSS condition if at least one of the actual 
tire Speed pattern corresponds to at least one of the Stored 
tire Speed pressure loSS patterns and the difference between 
the Sensed tire pressure of the Single tire and the predeter 
mined tire pressure for the tires exceeds a predetermined 
threshold value. 

9. The apparatus of claim 6, wherein each of the corre 
sponding wheel Sensors comprises at least one of a wheel 
Speed Sensor, a wheel rotation Sensor, a wheel position 
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Sensor, a rotary encoder, a temperature Sensor, a Steering 
wheel, a differential and a wheel slip Sensor. 

10. The apparatus of claim 6, wherein Said Single tire 
preSSure Sensor is operable to provide a measured pressure 
output to Said controller via a wireleSS communication link. 

11. The apparatus of claim 6, wherein Said controller 
includes a microprocessor. 

12. The apparatus of claim 6, wherein Said Single pressure 
Sensor includes a pressure transducer, and a transmitter. 

13. The apparatus of claim 12, wherein said transmitter of 
Said pressure Sensor comprises a radio frequency transmitter. 

14. The apparatus of claim 13, wherein said controller 
includes a radio frequency antenna and receiver circuitry. 
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15. The apparatus of claim 6, wherein said set of tires 
includes four tires of a vehicle and Said Self training tire 
preSSure monitoring System comprises a single preSSure 
Sensor and first, Second, third and fourth wheel Sensors. 

16. The apparatus of claim 15, wherein each of said first, 
Second, third and fourth wheel Speed Sensors is positioned at 
a corresponding one of Said at least four tires of the vehicle 
and Said Single tire pressure is mounted with respect to one 
of the tires of the vehicle. 

17. The apparatus of claim 6, wherein said controller is 
positioned at, within or on an interior rearview mirror 
assembly of the vehicle. 

k k k k k 


