w0 2023/110713 A1 |0 00000 K000 T 0 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
22 June 2023 (22.06.2023)

(10) International Publication Number

WO 2023/110713 Al

WIPO I PCT

(51) International Patent Classification:
B60C 11/24 (2006.01) B60C 23/04 (2006.01)

(21) International Application Number:
PCT/EP2022/085307

(22) International Filing Date:
12 December 2022 (12.12.2022)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:
21214037.0 13 December 2021 (13.12.2021) EP

(71) Applicant: BRIDGESTONE EUROPE NV/SA [BE/BE];
KLEINE KLOOSTERSTRAAT 10, 1932 ZAVENTEM

(BE).

(72) Inventors: BORTOLOTTO, Valerio;, Bridgestone Eu-
rope NV/SA Italian Branch, Via del Fosso del Salceto
13-15, 00128 Roma (IT). PASCUCCI, Marco; Bridge-
stone Europe NV/SA Italian Branch, Via del Fosso del Sal-
ceto 13-15,00128 Roma (IT). ALLEVA, Lorenzo; Via del
Fosso del Salceto 13/15, 00128 Rome (IT).

Agent: MARCHETTI, Alessio; Via del Fosso del Salceto
13/15, 00128 Rome (IT).

(74)

@81)

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,

84

AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CV, CZ, DE, DJ, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IQ, IR, IS, IT, M, JO, JP, KE,
KG, KH, KN, KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU,
LY, MA, MD, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
RU, RW, SA, SC, SD, SE, SG, SK, SL. ST, SV, SY, TH,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, WS,
ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, CV,
GH, GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, ME, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI,
SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN,
GQ, GW, KM, ML, MR, NE, SN, TD, TG).

Published:

with international search report (Art. 21(3))

(54) Title: APPARATUS AND METHODS FOR CALCULATING AND/OR MONITORING A TIRE WEAR RATE OF A VEHICLE

(57) Abstract: A computer-implemented method for calculating a tire wear rate of a
vehicle, the method comprising obtaining technical data of at least one tire of a vehi-
cle obtaining technical data of the vehicle, obtaining data of at least one in-operational
measurement of at least one property of at least one tire of the vehicle; and calculating a
tire wear rate based at least in part on the obtained technical data of the at least one tire
of the vehicle, the obtained technical data of the vehicle and the obtained data of the at
least one in-operational measurement of at least one property of the at least one tire of
4 the vehicle according to a self-tuning mathematical tire wear model.

Ghtaining technieal data of the
veduele

FIG7

Obtaining technical date of at
Ieast ane tire of a vehicle

720

Obialeing date of at least one
sheasurement of st beast one
property of at lesst one tive of the
vahicle

1

Crleniating a dive weay vats basad
st least inpart on the obtained
technical datz of the at least one
tire of the vehicle, the lechimical
data of the vehicle and the
obtatned data of at least one
nwasurement of at least one
property of al least one tive of the
vehicle aceording to a self-tuning
mathematicad tire wear merdel

750

e T4




10

15

20

25

WO 2023/110713 1 PCT/EP2022/085307

APPARATUS AND METHODS FOR CALCULATING AND/OR MONITORING A TIRE
WEAR RATE OF A VEHICLE

TECHNICAL FIELD

FIELD OF INVENTION

[0o001] This disclosure is generally directed to computer-implemented methods and

apparatus for calculating and/or monitoring a tire wear rate of a vehicle.

BACKGROUND

[0002] Tire wear rate is an essential factor contributing to road safety. Changing tires
not early enough may lead to dangerous traffic situations or even accidents, which may
lead to serious injuries or deaths as well as high financial liability risks. Being able to
change tires just at the right time therefore is not only a question of safety but also a
question of economy. Missing the right point in time to change the tires may result in
high cost due to potential accidents or damages, taking the change too early may lead to
additional fleet costs. A proper tire lifecycle management is also a matter of

sustainability since changing tires too early may lead to waste of valuable resources.

[0003] Determining the right point in time to change tires is also an important success
factor in vehicle logistics or fleet management. By being able to schedule changing tires
of a vehicle right in time or scheduling changing tires in combination with maintenance
of other components of a vehicle, non-operation periods can be kept as short as
possible, resulting in cost savings and increased reliability especially in view of
commercial applications. For example, when changing tires, other components of a
vehicle having only a short remaining lifetime may be replaced as well. In particular,
when managing fleets comprising multiple long-haul trucks, monitoring the wear rate
of the tires properly is important to e.g., decide which truck among the available trucks

is suited best for a particular route.

[0004] Therefore, the ability to make a precise prediction of the right point in time to
change tires is a key factor in order to render mobility and transport of goods safer,

greener, more reliable as well as more cost-efficient.
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[0005] Conventional methods for monitoring the tire wear rate by estimating the tire
wear are either based on purely static mathematical models or on costly dedicated
sensors in the tire, or a combination thereof. The use of purely static mathematical
models leads to a lack of accuracy and therefore results in missing the goal of exactly
predicting the right point in time for changing tires. In order to overcome the
deficiencies of approaches which are inherent to purely static mathematical models,
sensor-based methods have been developed. However, the respective sensors are
expensive and lead to additional effort when changing tires. Moreover, proper
communication between the tire sensors and the electronics of a vehicle introduces an
additional factor of complexity to the complete system. Furthermore, the sensors in the
tire may have to be replaced as well when replacing the tires. This does not only lead to

higher costs but also to higher waste and therefore to a higher environmental footprint.

[0006] US 2017/0001482 A1 discloses a method for making available data relating to
the tires of a vehicle in which vehicle data and/or tire data is made available by a
vehicle memory unit of the vehicle, wherein the vehicle data is acquired by a sensor
which is arranged in the vehicle. The vehicle data and/or the tire data have information
on at least one property of the tires of the vehicle. A tire-wear probability of the tires of

the vehicle is acquired as a function of the vehicle data and/or tire data.

[0o007] US 2018/0272813 A1 provides a tire wear estimation system on the basis of
sensor data. In the disclosed system, at least one sensor is affixed to the tire to generate
a first predictor. A lookup table or a database stores data for a second predictor. One of
the predictors includes at least one vehicle effect. A model receives the predictors and

generates an estimated wear rate for the at least one tire.

[0008] US 2019/0009618 A1 discloses a vehicle integrated expected tread-life
indicator system and methods of operation thereof. In the disclosed method, data
associated with one or more tread depth measurements are received. The one or more
tread depth measurements were made by a measurement device external to a vehicle.
The one or more tread depth measurements are descriptive of a tread depth of at least
one tread of at least one tire of the vehicle. The method includes associating a
respective distance value with each of the one or more tread depth measurements, and
accessing a model that correlates the one or more tread depth measurements to a

projected tread depth. The method includes determining an estimated distance at
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which the projected tread depth is expected to equal or pass a tread depth threshold
based at least in part on the model. The method includes providing the estimated

distance to a notification system in the vehicle.

[0o009] With the advent of big data and machine learning, nowadays a more robust
and more versatile toolchain is available than ever before. Based on these technologies,
the tire wear rate of a vehicle may be monitored with higher dimension of accuracy
allowing precise predictions of the remaining tread depth, residual mileage or residual

time before it is time to change a tire.

SUMMARY

[0o010] The above objective is achieved by the present disclosure of various computer-
implemented methods and apparatus for calculating and/or monitoring the tire wear

rate of a vehicle.

[0011] According to a first aspect, the disclosure provides a first computer
implemented method for calculating and/or monitoring a tire wear rate of a vehicle.
The method comprises obtaining technical data of at least one tire of a vehicle,
obtaining technical data of the vehicle, obtaining data of the at least one in-operational
measurement of at least one property of at least one tire of the vehicle and calculating a
tire wear rate based at least in part on the obtained technical data of the at least one tire
of the vehicle, the obtained technical data of the vehicle and the obtained telematics
information of the vehicle according to a self-tuning mathematical tire wear model. The
computer-implemented method allows for an accurate representation of tire wear due

to the self-tuning mathematical tire wear model.

[0012] According to an example of the first aspect, the method may further comprise

selecting one of a plurality of pre-stored algorithms for calculating tire wear rate.

[0013] According to a further example of the first aspect, the method may further
comprise running a plurality of pre-stored algorithms for calculating the tire wear rate
and choosing an algorithm of the plurality of algorithms which yields a calculated value
for the tire wear rate that is closest to a tire wear rate based on the obtained data of the

at least one in-operational measurement.
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[0014] According to another example of the first aspect, the self-tuning mathematical
tire wear model is tuned on the basis of data of at least one in-operational

measurement of at least one tire of the vehicle.

[0015] According to yet another example of the first aspect, the self-tuning
mathematical tire wear model is tuned on the basis of a plurality of calculated tire wear
rates, wherein the plurality of calculated tire wear rates is based on data obtained from
a plurality of vehicles, wherein the obtained data comprise technical data of at least one
tire of each of the vehicles, technical data of each of the vehicles and data of at least one
in-operational measurement of at least one property of at least one tire of each of the

vehicles.

[0016] According to another example of the first aspect, the method comprises
estimating the residual tread depth and/or the remaining mileage of the tire and/or the
remaining time before change according to a configured minimum tread depth, based

on the calculated tire wear rate.

[0017] According to another example of the first aspect, the method comprises
reporting at least one of the calculated tire wear rate, the estimated residual tread
depth, the remaining mileage of the tire, and the remaining time before change

according to a configured minimum tread depth to a control system.
[0018] In one example of the first aspect, the control system is arranged in the vehicle.

[0019] In a further example of the first aspect, the control system is arranged outside
the vehicle, enabling collecting, from a plurality of vehicles, at least of the calculated
tire wear rate, the estimated residual tread depth, the remaining mileage of the tire,

and the remaining time before change according to a configured minimum tread depth.

[0020] In a further example of the first aspect, performing the in-operational
measurement of the at least one property of the at least one tire of the vehicle includes
measuring the residual tread depth in operation, and, preferably, associating the

measured residual tread depth with a wear rate of the odometer of the vehicle.

[0021] According to another/second aspect, the disclosure provides a second
computer-implemented method for calculating and/or monitoring the tire wear rate of
a vehicle. The method comprises transmitting technical data of at least one tire of a

vehicle, transmitting technical data of the vehicle, transmitting data of at least one in-
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operational measurement of at least one property of the at least one tire of the vehicle
and obtaining a calculated tire wear rate based at least in part on the transmitted
technical data of the at least one tire of the vehicle, the transmitted technical data of the
vehicle and the transmitted data of at least one in-operational measurement of at least
one property of the at least one tire of the vehicle, wherein the calculated tire wear rate

is calculated according to a self-tuning mathematical tire wear model.

[0022] According to an example of the second aspect, the method comprises
estimating the residual tread depth and/or the remaining mileage of the tire and/or the
remaining time before change according to a configured minimum tread depth, based

on the calculated tire wear rate.

[0023] According to another example of the second aspect, the method comprises
reporting at least one of the calculated tire wear rate, the estimated residual tread
depth, the remaining mileage of the tire, and the remaining time before change

according to a configured minimum tread depth to a control system.

[0024] In one example of the second aspect, the control system is arranged in the

vehicle.

[0025] In a further example of the second aspect, the control system is arranged
outside the vehicle, enabling collecting, from a plurality of vehicles, at least of the
calculated tire wear rate, the estimated residual tread depth, the remaining mileage of
the tire, and the remaining time before change according to a configured minimum

tread depth.

[0026] In one example of the second aspect, the technical data of the at least one tire
of a vehicle include at least one of the tire manufacturer, the tire model, the tire pattern,
the tire specification, the tire size, the tire mounting position, retread information, and

batch number of the tire.

[0027] In a further example of the second aspect, performing the in-operational
measurement of the at least one property of the at least one tire of the vehicle includes
measuring the residual tread depth in operation, and, preferably, associating the

measured residual tread depth with a wear rate of the odometer of the vehicle.

[0028] According to another/third aspect, the disclosure provides a third computer-

implemented method for calculating and/or monitoring a tire wear rate of a vehicle.



10

15

20

25

30

WO 2023/110713 PCT/EP2022/085307

The method comprises obtaining technical data of at least one tire of a vehicle,
obtaining technical data of the vehicle, obtaining telematics information of the vehicle
and calculating a tire wear rate based at least in part on the obtained technical data of
the at least one tire of the vehicle, the obtained technical data of the vehicle and the
obtained telematics information of the vehicle according to a data-driven mathematical
tire wear model. The computer-implemented method allows for an accurate

representation of tire wear due to the data-driven mathematical tire wear model.

[0029] According to an example of the third aspect, the method may further comprise
obtaining data of at least one in-operational measurement of at least one property of at
least one tire of the vehicle wherein calculating the tire wear rate further comprises
calculating the tire wear rate based at least in part on the obtained data of the at least
one in-operational measurement of the at least one property of the at least one tire of
the vehicle. By means of the in-operational measurement, the invention furthermore
allows for a more accurate assessment of tire wear, and enabling, as will be illustrated

in more detail below, a more accurate prediction of total tire lifetime for the future.

[0030] Advantageously, calculating the tire wear rate further comprises selecting one
of a plurality of pre-stored algorithms for calculating tire wear after obtaining data of at
least one in-operational measurement of at least one property of at least one tire of a
vehicle. Preferably, the pre-stored algorithms represent algorithms that performed well

for calculations of tire wear under pre-determined conditions.

[0031] According to a further example of the third aspect, selecting one of a plurality of
pre-stored algorithms for calculating a tire wear rate comprises running a plurality of
algorithms for calculating the tire wear and choosing an algorithm of the plurality of
algorithms which yields a calculated value for the tire wear that is closest to the value of

the tire wear obtained of at least one in-operational measurement.

[0032] According to a further example of the third aspect, calculating tire wear rate
further comprises calculated tire wear rate according to a self-tuning model and
wherein the self-tuning model is tuned on the basis of data of at least one in-

operational measurement of at least one tire of the vehicle.

[0033] According to a further example of the third aspect, the data-driven
mathematical tire wear model may be trained on the basis of a plurality of calculated

tire wear rates, wherein the plurality of calculated tire wear rates is based on data
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obtained from a plurality of vehicles, wherein the obtained data comprise technical data
of at least one tire of each of the vehicles, technical data of each of the vehicles and
telematics information of each of the vehicles. Thus, according to this aspect, the data-
driven mathematical tire wear is continuously adapted according to the data delivered

by the plurality of vehicles.

[0034] According to a further/fourth aspect, the invention provides a fourth
computer- implemented method for calculating and/or monitoring the tire wear rate of
a vehicle. The method comprises transmitting technical data of at least one tire of a
vehicle, transmitting technical data of the vehicle, transmitting telematics information
of the vehicle and obtaining a calculated tire wear rate based at least in part on the
transmitted technical data of the at least one tire of the vehicle, the transmitted
technical data of the vehicle and the transmitted telematics information of the vehicle,
wherein the calculated tire wear rate is calculated according to a data-driven

mathematical tire wear model.

[0035] In an example of the fourth aspect, the computer-implemented method for
calculating and/or monitoring a tire wear rate of a vehicle further comprises
transmitting data of at least one in-operational measurement of at least one property of
the at least one tire of the vehicle, wherein the calculated tire wear rate is further
calculated based at least in part on the at least one in-operational measurement of the

at least one property of the at least one tire of the vehicle.

[0036] According to a further example of the fourth aspect, the computer-
implemented methods for calculating and/or monitoring the tire wear rate of a vehicle
may comprise estimating the residual tread depth and/or the remaining mileage of the
tire and/or the remaining time before change according to a configured minimum tread

depth, based on the calculated tire wear rate.

[0037] According to a further example of the fourth aspect, the computer-
implemented methods for calculating and/or monitoring the tire wear rate of a vehicle
may comprise reporting at least one of the calculated tire wear rate, the estimated
residual tread depth, the remaining mileage of the tire, and the remaining time before

change according to a configured minimum tread depth to a control system.

[0038] In one example of the fourth aspect, the control system may be arranged in the

vehicle.



10

15

20

25

30

WO 2023/110713 PCT/EP2022/085307

[0039] In a further example of the fourth aspect, the control system may be arranged
outside the vehicle, enabling collecting, from a plurality of vehicles, at least of the
calculated tire wear rate, the estimated residual tread depth, the remaining mileage of
the tire, and the remaining time before change according to a configured minimum

tread depth.

[0040] According to a further example of the fourth aspect, the technical data of the at
least one tire of a vehicle include at least one of the tire manufacturer, the tire model,
the tire pattern, the tire specification, the tire size, the tire mounting position, retread

information, and batch number of the tire.

[0041] According to a further example of the fourth aspect, the computer-
implemented methods for calculating and/or monitoring the tire wear rate of a vehicle
outlined before which comprise performing an in-operational measurement of at least
one property of the at least one tire of the vehicle further include measuring the
residual tread depth in operation, and, preferably, associating the measured residual

tread depth with a wear rate of the odometer of the vehicle.

[0042] According to a further example of the fourth aspect, the vehicle information
from the vehicle includes at least one of the vehicle manufacturer, the vehicle chassis,
vehicle usage, tractor load, region, country, longitudinal acceleration, lateral
acceleration, speed, GPS coordinates, odometer, type of road, load, tire inflation
pressure gear shifts, engine RPMs, wheel speed, throttle/brake pedal position, tire

temperature, external temperature, steering wheel angle.

[0043] In a further fifth aspect, a first apparatus comprising means for obtaining
technical data of at least one tire of a vehicle, means for obtaining technical data of the
vehicle, means for obtaining data of at least one measurement of at least one property
of at least one tire of the vehicle and means for calculating a tire wear rate based at least
in part on the obtained technical data of the at least one tire of the vehicle, the obtained
technical data of the vehicle and the obtained data of at least one measurement of at
least one property of at least one tire of the vehicle according to a self-tuning

mathematical tire wear model is provided.

[0044] In a further sixth aspect, a second apparatus comprising means for
transmitting technical data of at least one tire of a vehicle, means for transmitting

technical data of the vehicle, means for transmitting data of at least one measurement
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of at least one property of at least one tire of the vehicle and means for obtaining a
calculated tire wear rate based at least in part on the transmitted technical data of the
at least one tire of the vehicle, the transmitted technical data of the vehicle and the
transmitted data of at least one measurement of at least one property of at least one tire
of the vehicle, wherein the calculated tire wear rate is calculated according to a self-

tuning mathematical tire wear model is provided.

[0045] In a further seventh aspect, a third apparatus comprising means for obtaining
technical data of at least one tire of a vehicle, means for obtaining technical data of the
vehicle, means for obtaining telematics information of the vehicle and means for
calculating a tire wear rate based at least in part on the obtained technical data of the at
least one tire of the vehicle, the obtained technical data of the vehicle and the obtained
vehicle telematics information of the vehicle according to a data-driven mathematical

tire wear model is provided.

[0046] In a further eighth aspect, a fourth apparatus comprising means for
transmitting technical data of at least one tire of a vehicle, means for transmitting
technical data of the vehicle, means for transmitting telematics information of the
vehicle and means for obtaining a calculated tire wear rate based at least in part on the
transmitted technical data of the at least one tire of the vehicle, the transmitted
technical data of the vehicle and the transmitted vehicle telematics information of the
vehicle, wherein the calculated tire wear rate is calculated according to a data-driven

mathematical tire wear model is provided.

[0047] Further benefits and advantages of the present invention will become apparent
after a careful reading of the detailed description with appropriate reference to the

accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] Fig. 1illustrates a chart of an exemplary calculated tire wear of a tire of a
vehicle by a self-tuning tire wear model which is based on a combination of tire
information of at least one tire of a vehicle, technical data of a vehicle and at least one

in-operational measurement of the tire wear, according to the present disclosure.
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[0049] Fig. 2a illustrates, in the form of three charts, exemplary pre-stored algorithms
used in the course of a process for accurately calculating tire wear, according to the

present disclosure.

[0050] Fig. 2b illustrates, in the form of a chart of another exemplary tire wear of a
vehicle, a functional aspect of the self-tuning mathematical model for increasing the

accuracy of the calculated tire wear rate, according to the present disclosure.

[o051] Fig. 3a illustrates a further chart of an exemplary tire wear of a tire of a vehicle,
for a data-driven tire wear model which is based on a combination of tire information
of at least one tire of a vehicle, technical data of a vehicle and telematics information of

a vehicle, according to the present disclosure.

[0052] Fig. 3b illustrates a further chart of an exemplary tire wear of a tire of a vehicle,
for a data-driven tire wear model which is based on a combination of tire information
of at least one tire of a vehicle, technical data of a vehicle, telematics information of a
vehicle and of data of at least one in-operational measurement of the remaining tread

depth, according to the present disclosure.

[0053] Fig. 4aillustrates different exemplary scenarios including load conditions and
road type on which the development of the data-driven mathematical tire wear model is

based, according to the present disclosure.

[0054] Fig. 4b illustrates the determined exemplary values for the maximum mileage
per mm of tread wear (kilometers per mm) of a truck for different road types and load

conditions, according to the present disclosure.

[0055] Fig. 4c¢ illustrates relative differences of determined exemplary values for the
maximum mileage per mm of tread wear (kilometers per mm) of a truck for different

road types and load conditions, according to the present disclosure.

[0056] Fig. 5aillustrates an exemplary data flow between a vehicle and a cloud for
calculation of the tire wear, as well as the possible reporting of the calculated tire wear,
including estimated residual tread depth, remaining mileage of the tire, and/or the
remaining time before change according to a configured minimum tread depth,

according to the present disclosure.
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[0057] Fig. 5b illustrates an exemplary data flow between a vehicle, a cloud and a user
computing device for calculating of the tire wear, as well as the possible reporting of the
calculated tire wear, including estimated residual tread depth, remaining mileage of the
tire, and/or the remaining time before change according to a configured minimum

tread depth, according to the present disclosure.

[0058] Fig. 5cillustrates an exemplary data flow between a vehicle, a cloud and a
control system for calculating of the tire wear, as well as the possible reporting of the
calculated tire wear, including estimated residual tread depth, remaining mileage of the
tire, and/or the remaining time before change according to a configured minimum

tread depth, according to the present disclosure.

[0059] Fig. 6 illustrates an exemplary fleet manager platform to which a calculated tire

wear rate may be reported, according to the present disclosure.

[0060] Fig. 7 shows a flowchart illustrating a computer-implemented method 700 for
calculating and/or monitoring the tire wear rate of a vehicle, according to the present

disclosure.

[0061] Fig. 8 shows a flowchart illustrating a computer-implemented method 800 for
calculating and/or monitoring the tire wear rate of a vehicle, according to the present

disclosure.

[0062] Fig. 9 shows a flowchart illustrating a computer-implemented method 900 for
calculating and/or monitoring the tire wear rate of a vehicle, according to the present

disclosure.

[0063] Fig. 10 shows a flowchart illustrating a computer-implemented method 1000
for calculating and/or monitoring the tire wear rate of a vehicle, according to the

present disclosure.

DETAILED DESCRIPTION

[0064] The present disclosure provides computer-implemented methods and
apparatus for calculating the tire wear rate of a vehicle. The computer-implemented
methods and apparatus according to this disclosure offer many advantages. The

invention allows determining the optimum point in time for replacing the tires of a
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vehicle and therefore renders mobility of people as well as transportation of goods

safer, greener, more reliable and more cost efficient.
[0065] Self-tuning mathematical tire wear model v. purely statistic model

[0066] Fig. 1illustrates a chart showing exemplary tire wear profiles of a tire of a
vehicle. Along the horizontal axis, the mileage of a tire is depicted. Along the vertical
axis, a tire property, such as the remaining tread depth, RTD, is indicated. At the upper
left corner, the tire is in a new state, i.e., in this example the tire has a remaining tread
depth of 13 mm and a mileage of 0 km. A remaining tread depth of 3 mm indicates in
the present example the end of life of the tire. The dash-dotted and the dashed lines
represent the estimated tire wear calculated by a purely statistic model based on tire
parameters, such as tire size, tire position, etc. In this example, it is shown that by using
a purely statistic model the calculated average mileage of a tire is about 180,000
kilometers (indicated by the dash-dotted line), deviating by about 80,000 kilometers in
both directions leading to a statistical mileage in the range of 100,000 to 260,000
kilometers (indicated by the thin dashed lines). Thus, it is evident that the exact point

in time when the minimum tread depth is reached cannot be assessed precisely.

[0067] Fig. 1 furthermore illustrates that the conventional purely statistical method
can be improved upon when at a certain point in time a measurement of the remaining
tread depth is taken, and the measured value is then taken into account when
calculating the tire wear rate. In the example shown, an in-operational measurement at
about 110,000 kilometers is performed (illustrated with a black triangle). The in-
operational measurement shows that the tire wear is below average, or, in other words,

that the current tire wear rate (in this case the remaining tread depth) is above average.

[0068] In order to evaluate when the end of life of the tire, i.e., a remaining tread
depth of 3 mm, will be reached, a self-tuning mathematical tire wear model, according
to the present disclosure, is applied. The self-tuning mathematical tire wear model is
provided with the measured property of the tire at a particular mileage (here: the
measured RTD at 110,000 kilometers), and furthermore with input data related to
technical data of the tire of the vehicle, and technical data of the vehicle. By means of
these data, the self-tuning mathematical model calculates the expected future tire wear,
e.g. until the end of life of the tire has been reached (e.g., until a certain minimum RDT

is reached, e.g. 3 mm). Thus, it may be calculated how the remaining tread depth of the
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tire develops with respect to the mileage. The calculated remaining tread depth of the
tire is indicated by a solid black line, with the deviations indicated by dash-dot-dotted
lines. As it can be seen, the average mileage of the tire in this example is about 200,000
kilometers, deviating by about only 40,000 kilometers in both directions, hence,
leading to an improved statistical mileage in the range of 160,000 to 240,000
kilometers. Thus, the exact point in time when a minimum tread depth is reached can

be assessed more precisely, since the deviating range was reduced by 50%.

[0069] Input data related to the technical data of a tire of the vehicle may include one
or more of the tire manufacturer, the tire pattern, the tire specification, the tire size, the

tire mounting position, retread information, country or region.

[0070] Input data related to the technical data of the vehicle may include one or more

of the vehicle manufacturer, the vehicle chassis, vehicle usage, and/or tractor load.

[0071] Furthermore, the self-tuning mathematical model uses data of at least one in-
operational measurement of at least one property of the tire as input. During the in-
operational measurement, for example, the actual residual tread depth of the tire and

the mileage as read from the odometer is obtained.

[0072] By performing the computer-implemented method for calculating and/or
monitoring a tire wear rate of a tire of a vehicle, the technical data of the at least one
tire of a vehicle as well as data of the at least one in-operational measurement of at least
one property of the at least one tire of the vehicle are obtained and a tire wear rate is
calculated according to the self-tuning mathematical model, based on the obtained
technical data of at least one tire of the vehicle and the obtained data of at least one in-

operational measurement of at least one property of the at least one tire of the vehicle.

[0073] It is noted that the afore-mentioned steps can be repeated at a further in-
operational measurement after the tire has experienced further mileage (as will be
illustrated in more detail later). Normally, each repetition of an in-operational
measurement and a new calculation of the tire wear rate leads to higher precision as to
when the tire reaches its end of life time, and thus to a more predictable planning of e.g.

truck routes.

[0074] Fig. 2aillustrates an example aspect of a self-tuning mathematical model

according to which a computer-implemented method for calculating and/or monitoring
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a tire wear rate of a vehicle may calculate a tire wear and/or tire wear rate. In one
aspect, calculating a tire wear rate may take place after having obtained data of at least
one in-operational measurement of a property of a tire, e.g., the residual tread depth in

combination with a respective mileage as read from the odometer of the vehicle.

[0075] In one aspect, calculating the tire wear rate may comprise running multiple
pre-stored algorithms. In Fig. 2a, three different charts for three different pre-stored
algorithms are shown. For each of the three graphs, on the vertical axis, the remaining
tread depth (RTD) and on the horizontal axis the mileage of at least one tire as read
from the odometer of a vehicle (KM) is shown. The upper left corner of each graph
represents a state where the tire is new, i.e., the remaining tread depth is in accordance
with the technical data when a tire is sold and the mileage of the tire is zero. With

increasing mileage, the remaining tread depth decreases.

[0076] The filled black dots in each of the graphs represent measurements of the
remaining tread depths which are associated with an odometer state of the vehicle. For
example, in the first graph previously two in-operational measurements had been
taken, in the second graph previously six in-operational measurements had been taken
and in the third graph previously also six in-operational measurements had been taken.
The black-framed circle in each of the graphs represents, based on the previous (filled
black dots) measurement dots and the algorithm applied, the calculated RTD for a
particular mileage at which a further in-operational measurement is scheduled. The
cross (X) in each of the graphs represents the most recent in-operational measurement
of RTD at the particular mileage. To simplify the explanation, in each of the graphs the

cross (X) is illustrated above the black-famed circle.

[0077] The three algorithms illustrated by the three graphs may run in parallel, and
are suited to find the best algorithm for the prediction: In the present example, the first
graph shows a notable offset between the calculated RTD (black-framed circle) and the
measured value of RTD (cross). Applying the “3 Points” algorithm, where the two last
measured values are taken for calculating RTD for the future, is thus imprecise in this
case. The second graph illustrating a model of linear regression shows a smaller offset
between the calculated RTD (black-framed circle) and the measured value of RTD
(cross). Thus, in the present case this algorithm may be preferred over the first one, for

calculating future RTD, taking the current measured value as a further measurement
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point for the calculation of future RTD. Finally, the third graph illustrating a model of
exponential regression shows an even smaller offset between the calculated RTD
(black-framed circle) and the measured value of RTD (cross). Thus, in the present case
this may be the most preferred algorithm for calculating future RTD. Again, the
currently measured value (black-framed circle) is taken as a further measurement point

for the calculation of future RTD.

[0078] More generally, the example illustrated in Fig. 2a shows that after having
obtained data from at least one measurement of the remaining tread depth which are
associated with an odometer state of the vehicle, various pre-stored algorithms such as
3 points, linear regression, exponential regression, logarithmic regression or a neural
network may be run. The algorithm among the pre-stored and run algorithms that
produces a calculated tire wear rate (e.g., RTD) for a particular mileage which is closest
to the measured value of tire wear rate (e.g., RTD) at the particular mileage is selected

for calculating tire wear rate over lifetime of the tire.

[0079] The multiple algorithms may leverage on all available in-operational
measurement results of a property of a tire and estimate in combination with the other
input data provided to the model such as the tire manufacturer, the tire pattern, the tire
specification, the tire size, the tire mounting position, retread information, the vehicle
manufacturer, the vehicle chassis, vehicle usage, tractor load, country or region which
of the pre-stored algorithms is most appropriate to describe the respective property of
the tire during operations. In one aspect, curve fitting techniques may be applied. The
algorithm yielding a result that fits best to a respective value of one or more in-
operational measurements is subsequently used to extrapolate the respective tire
property. Based on this extrapolation, the remaining life time of the tire may be
determined. The end of life value of a tire may be defined as a tread depth of 3 mm or

any other value defined by the user.

[0080] In one aspect, the pre-stored algorithms of the self-tuning mathematical model

may be continuously modified, refined or replaced/updated by the respective provider.

[0081] Fig. 2b shows a graph illustrating a further aspect of the self-tuning
mathematical model. On the horizontal axis, the mileage of a vehicle’s tire in km and
three inspections taking place at particular odometer states are indicated. On the

vertical axis, the remaining tread depth is indicated in the form of discrete values for a
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new tire (“New Tire”). Moreover, three remaining tread depth states (“RTD,”, “RTD.,”
and “RTD;”) when the three inspections take place and another discrete value of the
remaining tread depth at the end of life of the tire (TWI, tread wear indicator) are

indicated.

[0082] When the tire is new, at 1, the self-tuning model may be fed with tire data and
vehicle data and the trend of the tire wear and the remaining tread depth may be
calculated (illustrated with a dashed line, A). At a particular milage a first inspection is
scheduled. At this mileage, the self-tuning model calculated a particular RTD
(illustrated with 2). The actual in-operational measurement of the remaining tread
depth that is performed at this particular mileage leads to a lower value than calculated.
The respective value is indicated as “RTD,”, illustrated with 3. As a consequence, and as
illustrated with the arrow in downward direction, the self-tuning model adjusts the

prediction, and the calculated tire wear is higher than originally predicted.

[0083] Thus, in case the calculated value of a property of a tire, for example “RTD,”,
deviates from the actually measured value of the respective property of the tire, the
mathematical model corrects itself, i.e., the mathematical model is tuned. The tuning of
the mathematical model comprises equalizing the calculated value for the property of
the tire with the actually measured value of the respective property at the mileage
where the measurement is taken. Tuning of the model may further comprise fitting the
model to the latest actually measured value and at least one previously measured value

of the respective property of the tire if available.

[0084] The afore-mentioned procedure may be repeated for every additional in-
operational measurement of a respective property of a tire, so for the second and third
inspections and the measured values “RTD.” and “RTD;” respectively. These values are
also indicated with uneven numbers 5 and 7 (and 9 indicating TWTI). The calculated
values are again indicated with even numbers, here 4, 6 and 8. This allows for
continuous self-tuning of the model. The more measurements are performed, the

higher the accuracy and the lower the calculation error of the model will become.

[0085] In one aspect, the self-tuning mathematical model for calculating a tire wear
rate may be continuously modified/improve by adapting big data approaches and/or
machine learning techniques. For example, the self-tuning mathematical tire wear

model may be trained on the basis of a plurality of calculated tire wear rates, wherein
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the plurality of calculated tire wear rates is based on data obtained from a plurality of
vehicles, wherein the obtained data comprise technical data of at least one tire of each
of the vehicles, technical data of each of the vehicles and data of at least one

measurement of at least one property of at least one tire of each of the vehicles.

[0086] Over time, a lot of data representing a myriad of driving scenarios including
lots of different vehicles under various different traffic conditions may be obtained. The
respective data may create additional value by being used for continuously training the
self-tuning mathematical method for calculating a tire wear rate. Based on all available
data, wear patterns for particular scenarios may be determined by machine learning

techniques.

[0087] In another aspect, the self-tuning mathematical model may also be modified
manually. For example, in cases where it turns out that a specific tire product behaves
differently under certain scenarios than expected in advance. Due the high number of
inputs to the model, modifications can even be limited to certain batches of a tire model
from specific manufacturing facilities. For example, it may turn out that a specific batch
of a tire model which has been manufactured in a particular facility shows different
performance than other batches from other facilities. In such a case, the behaviour of a

single batch of tires may be considered by the model.

[0088] Another important factor which impacts the tire wear is the country in which
the vehicle on which the tire to be monitored is installed is driving. While some
countries are flat and have wide roads, others may be dominated by mountains in
connection with narrow and curvy roads. Another country-dependent factors which
influence tire wear is the climate, for example it may make a difference if in a particular
country there are long summer seasons and mild winters or cold winters and short

summer seasons.
[0089] Moreover, other factors such as humidity or aridity may affect the tire wear.

[0090] Tire wear may also depend on the quality of the infrastructure a country has to
offer. While some countries invest lots of money in road infrastructure, others may
invest less. The latter may result in damages of the road surface due to a lack of
maintenance, which in turn may also contribute to reducing the life time of a tire.
Another factor which may influence the lifespan of a tire may be the quality of the

driver’s education in a respective country. A further factor to consider may be the
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driving rules in the different countries. While some countries such as the Netherlands
have very strict speed limits even on motorways, there are other countries such as
Germany which have no speed limit on motorways. This leads to the fact that a tire may

undergo completely different stress depending on the country.

[0091] Moreover, it has to be taken into consideration that the boundary conditions in
various countries may be not very homogeneous. This is why the region may also be
used in order to calculate the tire wear as accurately as possible. In many countries, the
quality of infrastructure in the large economic centres may be different than in rural
areas. Additionally or alternatively, some regions of a country may be flat, while others
may be mountainous. In both cases, the way how a tire wears may be very different.

Therefore, the region data may be seen as more granular than the country data.

[0092] Data driven mathematical model of tire wear — with and without

in-operational measurements

[0093] Fig. 3a and Fig. 3b show other charts of exemplary calculated tire wear profiles
of a tire of a vehicle. Corresponding to Fig. 1, along the horizontal axis the mileage of a
tire is depicted. Along the vertical axis, the remaining tread depth is indicated. At the
upper left corner the tire is in a new state, i.e., having a mileage of 0 km and a
remaining tread depth of 13 mm (in this example). When the remaining tread depth

has reached a value of 3 mm (in this example), the end of life of a tire is reached.

[0094] The dashed lines represent the calculated range of the mileage of a tire made
according to a purely statistical model. The two sets of dash-dotted and dash-dot-
dotted lines represent prediction ranges of the mileage of the tire made according to a
data-driven mathematical model taking into account telematics information of a
vehicle. Among others, the telematics information of the vehicle may include data
about the load of the vehicle (e.g., empty or loaded) and the way a vehicle is used (for

regional or long-haul scenarios).

[0095] Telematics information of a vehicle allow calculating the tire wear rate even
more precisely. For example, the tire wear may be different if a vehicle is rather used
for short distances with lots of stop and go traffic or primarily for long distance travels,
where in particular trucks often have a constant speed for long continuous time
periods. In addition, one may consider taking into account the actual measured tire

pressure as a further factor contributing to tire wear. In case the pressure is for
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example too low (i.e., deviating from the recommended tire pressure), the contact area
between the tire and the road is increased. As a result, the tire wears faster. The
information about the actual measured tire pressure is even more important in
connection with the tractor load of the vehicle. As it may be known, the recommended
tire pressure depends on the load of the vehicle. So, if the load of the vehicle is high,
however, the measured tire pressure is in the range of the recommended tire pressure

for an unloaded vehicle, the tire wear is still increased.

[0096] In general, i.e., without considering the tire pressure, load will have an
influence on the tire wear. Heavily loaded vehicles therefore will undergo a higher tire

wear than unloaded vehicles.

[0097] The predicted residual mileage of a tire considerably deviates with respect to
load and use case of a vehicle. In case a vehicle is loaded and used for regional
scenarios, the residual mileage is way lower compared to the case that a vehicle is
empty and used for long haul scenarios. By taking into account telematics information

of a vehicle, the prediction accuracy of the residual mileage can be clearly improved.

[0098] For example, in case that a vehicle is empty and used for long haul scenarios
(cf. dash-dotted line and dash-dot-dotted lines with wide dots), the average mileage of a
tire is about 235,000 kilometers (cf. dash-dotted line with wide dots), deviating by
about 20,000 kilometers in both directions, leading to a statistical mileage in the range

of 215,000 to 255,000 kilometers (cf. dash-dot-dotted lines with wide dots).

[0099] Similarly, in case that a vehicle is loaded and used for regional scenarios (cf.
dash-dotted line and dash-dot-dotted lines with small dots), the average mileage of a
tire is about 120,000 kilometers (cf. dash-dotted line with small dots), deviating by
about 20,000 kilometers in both directions, leading to a statistical mileage in the range

of 100,000 to 140,000 kilometers (cf. dash-dot-dotted lines with small dots).

[0100] As a result, the exact point in time or the respective mileage when a minimum
tread depth is reached can be assessed more precisely, since the deviating range is
reduced by 75% compared to the state of the art (e. g. a purely statistic model) and by
50% compared to using a self-tuning mathematical model without considering

telematics information of a vehicle as illustrated in Fig. 1.
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[0101] The telematics information of a vehicle may include at least one of the vehicle
usage, tire pressure, tractor load, longitudinal acceleration, lateral acceleration, speed,
GPS coordinates, odometer, type of road, load, tire inflation pressure gear shifts, engine
RPMs, wheel speed, throttle/brake pedal position, tire temperature, external

temperature or steering wheel angle.

[0102] Asitisillustrated by Fig. 3b, in some aspects, the advantages of a data driven
mathematical model may be combined with in-operational measurements,
corresponding to the in-operational measurements as described for the self-tuning
mathematical model. For example, the second computer-implemented method may
comprise obtaining data from at least one in-operational measurement. In this case, the
calculated tire wear based on the data-driven model may be improved by the
mechanisms of the self-tuning model as described in connection with Fig. 2a and Fig.
2b. In case an in-operational measurement of at least one property of a tire such as the
remaining tread depth is performed, the measured value of the remaining tread depth
is compared with the calculated value of the tread depth, i.e., the measured value is
used to correct the data-driven mathematical model. Given that the process of
performing in-operational measurements and the adaptation of the model corresponds
to the measurements and the adaptation for the self-tuning model, for the sake of
brevity, these features are described less extensive than above. However, it should be

understood that these features as described above can equally be applied here.

[0103] As it can be seen in Fig. 3b, in case that a vehicle is empty and used for long
haul scenarios (cf. dash-dotted line and dashdot-dotted lines with wide dots), the
average mileage of a tire is about 240,000 kilometers (cf. dash-dotted line with wide
dots), deviating by about 10,000 kilometers in both directions, leading to a statistical
mileage in the range of 230,000 to 250,000 kilometers (cf. dashdot-dotted lines with

wide dots).

[0104] In case that a vehicle is loaded and used for regional scenarios (cf. dash-dotted
line and dashdot-dotted lines with small dots), the average mileage of a tire is about
160,000 kilometers (cf. dash-dotted line with small dots), deviating by about 10,000
kilometers in both directions, leading to a statistical mileage in the range of 150,000 to

170,000 kilometers (cf. dash-dot-dotted lines with small dots).
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[0105] As a result, the exact point in time or the respective mileage when a minimum
tread depth is reached can be assessed even more precisely, since the deviating range
was reduced by almost 90% compared to the state of the art. Moreover, the deviating
range was reduced by 75% compared to the method using a self-tuning mathematical
model without considering telematics information of a vehicle as illustrated in Fig. 1.
Finally, by combining the advantages of the second computer-implemented method
comprising a data-driven mathematical model with the advantages of obtaining data
from at least one in-operational measurement, the deviating range can be further
reduced by 50% compared to the case that the data-driven mathematical model is used

without additional measurement data.
[0106] Development of data driven mathematical tire wear model

[0107] Fig. 4a illustrates different conditions on which the development of the data
driven mathematical tire wear model is based. Vehicle telematics information such as
speed, accelerations, gear shifts, engine RPMs, wheel speed, brake/throttle pedal
position, tire inflation pressure, tire temperature, external temperature or steering
wheel angle may be taken into consideration play an essential role in predicting tire

wear more accurately.

[0108] In a series of experiments, the respective vehicle telematics have been
correlated with tire wear. The series of experiments has been performed on multiple
tires focusing on the main offenders of the tire wear, which include for example load,
accelerations and temperature. Load status was defined as minimum and maximum
load possible so that the full load excursion has been investigated for acceleration. In a
similar way, curvy and highway routes have been defined in a way to maximize the

differences in terms of lateral and longitudinal accelerations.

[0109] In the frame of the series of experiments, multiple trucks have been run in
parallel during summer and winter period on two different type of roads such as curvy
roads and highways and the trucks had different loading conditions. In regular
intervals, 3D scan based tread wear measurements have been performed for defining a
360° profile of the tires. Based on the measurements, a relationship between tire wear

per km and vehicle telematics information has been extracted.

[0110] As it is shown by Fig. 4b, for different vehicle load scenarios, i.e., empty and

fully loaded, the maximum mileage until reaching end of life of the tires for different
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road types, i.e., highway and curvy road has been determined.Based on the maximum
mileage until reaching end of life of the tires for different road types, the mileage per

mm tread wear of a tire has been determined. This value is also denoted as kilometers
per mm (KPM). In the table shown by Fig. 4b, the KPM for various axes of a truck for

different road conditions and load scenarios is shown.

[o111] Fig. 4c shows the respective percentages of the results from Fig. 4b. As it can be
seen for example, in case of a curvy road, the KPM of the steer axes of an unladen truck
is expected to be 80% with respect to the KPM of an unladen truck driving on a
highway. On the drive axes of a curvy road, the KPM value of a laden truck is only 37%

compared to an unladen truck on a highway.

[0112] A general formula obtained for the residual tread depth may be expressed as

follows:

ResidualTreadDepth
= F(Mileage, Technical data of a tire,Technical data of the vehicle, Ay, A,, Load, IP},

wherein A, is the longitudinal acceleration and Ay is the lateral acceleration and IP is

the tire inflation pressure.

[0113] In the data-driven mathematical tire wear model provided by this invention,
among several features also the wear energy is estimated due to longitudinal
accelerations. The wear energy may be calculated based on longitudinal force (Fyx) and

slip (Sx) where the slip is defined as the difference among wheel speed (Vx) and vehicle
speed (V,):

SWE = FxdSx = Fx(Vx — Vv)dt.
A respective slip ratio (SR) may be expressed by

SR = —Vv+Vx
N Vv

The wear energy formula then becomes
OWE = FxVv SR dt.

For small slip ratios (SR) it is possible to find a linear correlation among longitudinal

force (Fx) and braking slip ratio (B,SR):

F, = BpSR.
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Leveraging on this relationship it is possible to express the wear energy as

2 2,2
X X

m
SWE = —-Vydt =
p p

V,dt,

wherein m is the mass of the respective tire of a vehicle. The above formula expresses
the wear energy for a specific time interval. By integrating the above expression over a

time period, it is possible to calculate the total wear energy due to longitudinal forces as

WE—f 2926 dt——lf 2q2V, dt
= V = m-azV, dt.
Bp v Bp X'V

B, may change according to wear stage so the tire may be split into different wear

stages and recalculate the wear energy accordingly.

A similar calculation may be performed for the wear energy due to lateral forces (with
index y) considering that at small slip angle there is a linear correlation among lateral

force and slip angle a:
SWE = FydSy = FyV,dt,

= aretan((37)
o = arctan )

X

OSWE = FyVydt = FyVvadt,

E, =¢,q,
F? m?a?
SWE = 2L v,dt = —2v dt,
Cp Cp
2
y

m2a 1
WE=f V,',dt=—fm2a32,v;dt.
Sp Sp

[0114] From the data-driven experiments, residuals for the longitudinal and lateral
accelerations with respect to different road and load scenarios are determined. In a
further step, weighting factors (as, b, etc.) are derived from the residuals which may be
used to scale the general expression for the wear energy of a tire in order to obtain the

data driven wear rate based on load and accelerations as follows:

Steer = a; + by * fm?ireaf,l/,',dt +cy * fm?irea,zmegl/;dt

Drive = a, + bZ * fmgireajzlv;ﬂdt +cyx f m?ireaazmegv;;dt + dZ * f mzapchosviscv;;dt
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Trailer; = a; + bz * f Mo Vydt + c3 f MireA2negVodt
Trailer, = a, + by * f Miire@iVpdt + ¢y f MireUinegVodt
Trailer; = as + bs * f Mo Vydt + c5 f MireA2negVodt

In the equations above myre is the mass acting on a respective tire, Vy is the speed of the
vehicle, ay is the lateral acceleration, axmeg is the deceleration (negative acceleration),
axposvise 1S the acceleration used to increase the speed (positive acceleration) considering

also a component due to the air drag force.
[0115] Calculating and reporting of tire wear rate

[0116] Fig. 5a, 5b and 5c illustrate different ways of how a calculated tire wear rate may
be reported. The transmission of data such as technical data of a tire, technical data of a
vehicle and telematics information of a vehicle are illustrated by black arrows. The
black arrows may, alternatively or in addition, illustrate the transmission of the
calculated tire wear rate, or in other words, the output of the applied mathematical
models, in cases where the calculation is performed in the vehicle, or at a component
outside the vehicle not shown in Fig. 5. In any event, the dotted arrows indicate the

reporting of the calculated tire wear rate or model output.

[o117] Asillustrated by Fig 5a, in one aspect, the tire wear rate may be calculated
outside a vehicle, e.g., in a cloud computing environment. In this example, technical
data of at least one tire of a vehicle, technical data of a vehicle and telematics
information of a vehicle may be transmitted to a cloud computing device. Within the
cloud computing device, the calculation of the tire wear may take place and the

calculated tire wear may be reported to at least the respective vehicle.

[0118] As it is shown by Fig. 5b and 5¢, in addition, or alternatively, the report may be
transmitted to a user computing device such as a smartphone, a notebook, a PC or a

tablet or to a fleet managing platform.

[0119] In other examples as shown by Fig. 5b and 5c, the tire wear rate may be
calculated in the vehicle. In this case, the calculated tire wear may be reported from the

vehicle to at least one of a user computing device or a fleet managing platform.



10

15

20

25

30

WO 2023/110713 PCT/EP2022/085307

25

[0120] Fig. 6 shows a screenshot of an example fleet managing application which is
based on the computer-implemented methods for calculating and/or monitoring a wear
rate of a tire of a vehicle according to the present disclosure. The fleet managing
platform/software may be stored and run on a cloud computing device/server. In the
respective fleet managing software, there may be a digital representation of each
vehicle of a fleet of at least one vehicle. The digital representation of the vehicle may
comprise technical data of the vehicle such as the brand, the vehicle model, the number
of axes, the used tires etc. Once a tire wear rate for a vehicle has been calculated using
one of the methods according to the present disclosure, the calculated tire wear rate
may be reported to the fleet managing application. Within the fleet managing
application, the calculated tire wear rate may be associated with the digital
representation of the respective vehicle. This association may be performed on a per

tire basis.

[0121] As a result, the application may be capable to display the tire wear rate of each
tire of a vehicle. In some aspects, the residual time or mileage of each tire of a vehicle
may be displayed. Based on the displayed information, a user of the fleet managing
platform may be provided with detailed information with respect to at least one of the
calculated tire wear rate, the residual tread depth, the residual mileage, and the
residual life time of each tire of a vehicle. If certain conditions are fulfilled, an alert

message my be issued, e.g. to the driver, fleet manager, or any other user.

[0122] Computer-implemented methods for calculating and/or

monitoring the tire wear rate

[0123] Fig. 7 shows a flowchart illustrating a computer-implemented method 900 for
calculating and/or monitoring the tire wear rate of a vehicle. The operations of

computer-implemented method 700 may be implemented by a computing device.
[0124] At 710, technical data of at least one tire of a vehicle are obtained.
[0125] At 720, technical data of the vehicle are obtained.

[0126] At 730, data of at least one measurement of at least one property of at least one

tire of the vehicle are obtained.

[0127] At 740, a tire wear rate based at least in part on the obtained technical data of

the at least one tire of the vehicle and the obtained data of at least one measurement of
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at least one property of at least one tire of the vehicle is calculated according to a self-

tuning mathematical tire wear model.

[0128] In another aspect, calculating a tire wear rate may comprise selecting one of a
plurality of pre-stored algorithms for calculating tire wear rate after performing the at
least one in-operational measurement of at least one property of the at least one tire of

the vehicle.

[0129] In a further aspect, selecting one of a plurality of pre-stored algorithms for
calculating tire wear rate after performing the at least one in-operational measurement
of at least one property of the at least one tire of the vehicle according to a self-tuning
mathematical tire wear model may comprise running a plurality of pre-stored
algorithms for calculating the tire wear in and choosing one algorithm of the plurality
of pre-stored algorithms which yields a calculated value for the tire wear that is closest

to the tire wear obtained in at least one in-operational measurement.

[0130] In a further aspect, the self-tuning model is tuned on the basis of data of at least

one in-operational measurement of at least one tire of the vehicle.

[0131] In a further aspect, the self-tuning mathematical tire wear model is trained on
the basis of a plurality of calculated tire wear rates, wherein the plurality of calculated
tire wear rates is based on data obtained from a plurality of vehicles, wherein the
obtained data comprise technical data of at least one tire of each of the vehicles,

technical data of each of the vehicles and telematics information of each of the vehicles.

[0132] In a further aspect, the residual tread depth and/or the remaining mileage of
the tire and/or the remaining time before change according to a configured minimum

tread depth is estimated based on the calculated tire wear rate.

[0133] In a further aspect, at least one of the calculated tire wear rate, the estimated
residual tread depth, the remaining mileage of the tire, and the remaining time before

change according is reported to a configured minimum tread depth to a control system.
[0134] In a further aspect, the control system ins arranged in the vehicle.

[0135] In another aspect, the control system is arranged outside the vehicle, enabling

collecting, from a plurality of vehicles, at least of the calculated tire wear rate, the
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estimated residual tread depth, the remaining mileage of the tire, and the remaining

time before change according to a configured minimum tread depth.

[0136] Fig. 8 shows a flowchart illustrating a computer-implemented method 800 for
calculating and/or monitoring the tire wear rate of a vehicle. The operations of

computer-implemented method 800 may be implemented by a computing device.
[0137] At 810, technical data of at least one tire of a vehicle are transmitted.
[0138] At 820, technical data of the vehicle are transmitted.

[0139] At 830, data of at least one measurement of at least one property of at least one

tire of the vehicle is transmitted.

[0140] At 840, a calculated tire wear rate based at least in part on the transmitted
technical data of the at least one tire of the vehicle and the obtained telematics
information of the vehicle is obtained, wherein the calculated tire wear rate is

calculated according to a self-tuning mathematical tire wear model.

[0141] In a further aspect, the residual tread depth and/or the remaining mileage of
the tire and/or the remaining time before change according to a configured minimum

tread depth is estimated based on the calculated tire wear rate.

[0142] In a further aspect, at least one of the calculated tire wear rate, the estimated
residual tread depth, the remaining mileage of the tire, and the remaining time before

change according is reported to a configured minimum tread depth to a control system.
[0143] In a further aspect, the control system ins arranged in the vehicle.

[0144] In another aspect, the control system is arranged outside the vehicle, enabling
collecting, from a plurality of vehicles, at least of the calculated tire wear rate, the
estimated residual tread depth, the remaining mileage of the tire, and the remaining

time before change according to a configured minimum tread depth.

[0145] Fig. 9 shows a flowchart illustrating a computer-implemented method 9oo for
calculating and/or monitoring the tire wear rate of a vehicle. The operations of

computer-implemented method 900 may be implemented by a computing device.
[0146] At 910, technical data of at least one tire of a vehicle are obtained.

[0147] At 920, technical data of the vehicle are obtained.
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[0148] At 930, telematics information of the vehicle are obtained.

[0149] At 940, a tire wear rate based at least in part on the obtained technical data of
the at least one tire of the vehicle and the obtained telematics information of the vehicle

is calculated according to a data-driven mathematical tire wear model.

[0150] In a further aspect, data from at least one in-operational measurement of at
least one property of the at least one tire of the vehicle may be obtained wherein
calculating the tire wear rate further comprises calculating the tire wear rate based at
least in part on the obtained data of the at least one in-operational measurement of the

at least one property of the at least one tire of the vehicle.

[0151] In another aspect, calculating a tire wear rate based at least in part on data
obtained from at least one in-operational measurement of at least one property of the at
least one tire of the vehicle may comprise selecting one of a plurality of pre-stored
algorithms for calculating tire wear rate after performing the at least one in-operational

measurement of at least one property of the at least one tire of the vehicle.

[0152] In a further aspect, selecting one of a plurality of pre-stored algorithms for
calculating tire wear rate after performing the at least one in-operational measurement
of at least one property of the at least one tire of the vehicle according to an self-tuning
mathematical tire wear model may comprise running a plurality of pre-stored
algorithms for calculating the tire wear in and choosing one algorithm of the plurality
of pre-stored algorithms which yields a calculated value for the tire wear that is closest

to the tire wear obtained in at least one in-operational measurement.

[0153] In a further aspect, calculating tire wear rate further comprises calculating tire
wear rate according to a self-tuning model and wherein the self-tuning model is tuned
on the basis of data of at least one in-operational measurement of at least one tire of the

vehicle.

[0154] In a further aspect, the data-driven mathematical tire wear model is trained on
the basis of a plurality of calculated tire wear rates, wherein the plurality of calculated
tire wear rates is based on data obtained from a plurality of vehicles, wherein the
obtained data comprise technical data of at least one tire of each of the vehicles,

technical data of each of the vehicles and telematics information of each of the vehicles.
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[0155] In a further aspect, the residual tread depth and/or the remaining mileage of
the tire and/or the remaining time before change according to a configured minimum

tread depth is estimated based on the calculated tire wear rate.

[0156] In a further aspect, at least one of the calculated tire wear rate, the estimated
residual tread depth, the remaining mileage of the tire, and the remaining time before

change according is reported to a configured minimum tread depth to a control system.
[0157] In a further aspect, the control system ins arranged in the vehicle.

[0158] In another aspect, the control system is arranged outside the vehicle, enabling
collecting, from a plurality of vehicles, at least of the calculated tire wear rate, the
estimated residual tread depth, the remaining mileage of the tire, and the remaining

time before change according to a configured minimum tread depth.

[0159] Fig. 10 shows a flowchart illustrating a computer-implemented method 1000
for calculating and/or monitoring the tire wear rate of a vehicle. The operations of

computer-implemented method 1000 may be implemented by a computing device.
[0160] At 1010, technical data of at least one tire of a vehicle are transmitted.
[0161] At 1020, technical data of the vehicle are transmitted.

[0162] At 1030, telematics information of the vehicle is transmitted.

[0163] At 1040, a calculated tire wear rate based at least in part on the transmitted
technical data of the at least one tire of the vehicle and the obtained telematics
information of the vehicle is obtained, wherein the calculated tire wear rate is

calculated according to a data-driven mathematical tire wear model.

[0164] In a further aspect, data from at least one in-operational measurement of at
least one property of the at least one tire of the vehicle may be transmitted, wherein the
calculated tire wear rate is further calculated based at least in part on the at least one
in-operational measurement of the at least one property of the at least one tire of the

vehicle.

[0165] In a further aspect, the residual tread depth and/or the remaining mileage of
the tire and/or the remaining time before change according to a configured minimum

tread depth is estimated based on the calculated tire wear rate.
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[0166] In a further aspect, at least one of the calculated tire wear rate, the estimated
residual tread depth, the remaining mileage of the tire, and the remaining time before

change according is reported to a configured minimum tread depth to a control system.
[0167] In a further aspect, the control system ins arranged in the vehicle.

[0168] In another aspect, the control system is arranged outside the vehicle, enabling
collecting, from a plurality of vehicles, at least of the calculated tire wear rate, the
estimated residual tread depth, the remaining mileage of the tire, and the remaining

time before change according to a configured minimum tread depth.
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CLAIMS

1. A computer-implemented method (700) for calculating a tire wear rate of a
vehicle, the method comprising:

obtaining (710) technical data of at least one tire of a vehicle;

obtaining (720) technical data of the vehicle;

obtaining (730) data of at least one in-operational measurement of at least one
property of at least one tire of the vehicle; and

calculating (740) a tire wear rate based at least in part on the obtained technical
data of the at least one tire of the vehicle, the obtained technical data of the vehicle and
the obtained data of the at least one in-operational measurement of at least one
property of the at least one tire of the vehicle according to a self-tuning mathematical

tire wear model.

2. The method of claim 1, wherein calculating a tire wear rate further comprises:
selecting one of a plurality of pre-stored algorithms for calculating tire wear

rate.

3. The method of claim 2, wherein selecting one of a plurality of pre-stored
algorithms for calculating a tire wear rate comprises:
running a plurality of pre-stored algorithms for calculating the tire wear rate;
choosing an algorithm of the plurality of algorithms which yields a calculated
value for the tire wear rate that is closest to a tire wear rate based on the obtained data

of the at least one in-operational measurement.

4. The method of any of the preceding claims, wherein the self-tuning
mathematical tire wear model is tuned on the basis of data of at least one in-

operational measurement of at least one tire of the vehicle.

5. The method of any of the preceding claims, wherein the self-tuning
mathematical tire wear model is tuned on the basis of a plurality of calculated tire wear
rates, wherein the plurality of calculated tire wear rates is based on data obtained from
a plurality of vehicles, wherein the obtained data comprise technical data of at least one

tire of each of the vehicles, technical data of each of the vehicles and data of at least one
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in-operational measurement of at least one property of at least one tire of each of the

vehicles.

6. A computer-implemented method (800) for calculating a tire wear rate of a
vehicle, the method comprising:

transmitting (810) technical data of at least one tire of a vehicle;

transmitting (820) technical data of the vehicle;

transmitting (830) data of at least one in-operational measurement of at least
one property of at least one tire of the vehicle; and

obtaining (840) a calculated tire wear rate based at least in part on the
transmitted technical data of the at least one tire of the vehicle, the transmitted
technical data of the vehicle and the transmitted data of the at least one in-operational
measurement of at least one property of the at least one tire of the vehicle, wherein the
calculated tire wear rate is calculated according to a self-tuning mathematical tire wear

model.

7. The method according to any of claims 1 to 6, further comprising:
estimating the residual tread depth and/or the remaining mileage of the tire
and/or the remaining time before change according to a configured minimum tread

depth, based on the calculated tire wear rate.

8. The method of claim 1-7, further comprising:
reporting at least one of the calculated tire wear rate, the estimated residual
tread depth, the remaining mileage of the tire, and the remaining time before change

according to a configured minimum tread depth to a control system.

0. The method of claim 8, wherein the control system is arranged in the vehicle.

10.  The method of claim 8, wherein the control system is arranged outside the
vehicle, enabling collecting, from a plurality of vehicles, at least of the calculated tire
wear rate, the estimated residual tread depth, the remaining mileage of the tire, and the

remaining time before change according to a configured minimum tread depth.
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11. The method of any of claims 1 to 10, wherein the technical data of the at least
one tire of a vehicle include at least one of the tire manufacturer, the tire model, the tire
pattern, the tire specification, the tire size, the tire mounting position, retread

information, and batch number of the tire.

12. The method of any of claims 1 to 11, wherein performing the in-operational
measurement of the at least one property of the at least one tire of the vehicle includes
measuring the residual tread depth in operation, and, preferably, associating the

measured residual tread depth with a status of the odometer of the vehicle.

13.  An apparatus for monitoring a tire wear rate of a vehicle, the method
comprising:

means for obtaining technical data of at least one tire of a vehicle;

means for obtaining technical data of the vehicle;

means for obtaining data of the at least one in-operational measurement of at
least one property of the at least one tire of the vehicle; and

means for calculating a tire wear rate based at least in part on the obtained
technical data of the at least one tire of the vehicle, the obtained technical data of the
vehicle and the obtained data of the at least one in-operational measurement of at least
one property of the at least one tire of the vehicle according to a self-tuning

mathematical tire wear model.

14.  An apparatus for monitoring a tire wear rate of a vehicle, the method
comprising:

means for transmitting technical data of at least one tire of a vehicle;

means for transmitting technical data of the vehicle;

means for transmitting telematics information of the vehicle; and

means for obtaining a calculated tire wear rate based at least in part on the
transmitted technical data of the at least one tire of the vehicle, the transmitted
technical data of the vehicle and the transmitted data of the at least one in-operational
measurement of at least one property of the at least one tire of the vehicle, wherein the
calculated tire wear rate is calculated according to a self-tuning mathematical tire wear

model.
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15. The apparatus of claim 13 configured to perform any of the methods according to

any of claims 2 to 5.

16. The apparatus of claim 14 configured to perform any of the methods according to

any of claims 7 to 12.
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