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Tyre-Road friction Coefficient: Estimation Adaptive System

This paper offers an upgraded method for estimating the magnitude of friction between tyres of a motor vehi-
cle and a road surface while investigating road accidents. The above-mentioned method is based on the resul-
tant data of tyre-and-road interworking field tests in case of emergency braking. Such estimation of the mag-
nitude of friction is to be carried out with a focus on the factors affecting the friction processes in the tyre-
and-road contact. The most important factors, which are included in the synthesized adaptive system used for
friction coefficient estimation, have been defined based on the theoretical analysis of the data of deceleration
and braking length of motor vehicles. The study of the existing expert methods used for estimating the level
of tyre-and-road engagement and the effect of such level on the motional parameters of a motor vehicle has
demonstrated the need for upgrading of the existing approaches. Unlike the existing practices, the friction co-
efficient estimation adaptive system offered by the authors hereof is a self-trainable system. Such system re-
duces any simulation uncertainty and the probability of occurrence of Type 1 and Type 2 errors. Such result is
achieved owing to the fact that the system takes into account the upgraded design of the present-day brake
systems and tyres, as well as the speed of motor vehicles and load of their wheels; the system is also efficient
because it makes use of the up-to-date mathematical methods which are able to process raw (initial) data un-
der conditions of stochastic and fuzzy uncertainty. The approach offered hereby has demonstrated its effi-
ciency for motor vehicles belonging to categories M1 and N1 and has proven its potential applicability for
other categories of motor vehicles.

Keywords: friction coefficient, tyre, road surface, deceleration process, estimation adaptive system, road ac-
cident investigation.

Introduction

Braking of motor vehicles (MVs), where the efficiency of braking depends on the tyre-to-surface fric-
tional capacity, is the basic technique to prevent road accidents [1, 2]. The parameter used to assess the effi-
ciency of tyre-and-road engagement is the value of the static friction coefficient (friction coefficient @),
while, when the wheels are being locked, such parameter is the value of the coefficient of sliding friction
(frictional drag coefficient) which is usually lower than the friction coefficient. The non-dimensional value @
for ordinary tyres varies within the range of (0; 1] [3]. The near-zero values ¢ indicate a smooth slippery sur-
face in the tyre-and-road contact, which is characterized by low values of frictional forces (longitudinal, lati-
tudinal and sidewise friction). The higher the value @, the higher frictional forces which are to be overpow-
ered or transferred.

The tyre grip on the road is a result of complex processes running within the tyre-and-road contact area.
It depends on a number of factors (Fig. 1), of which the most significant are the type and condition of the
road surface; the tyre’s design and condition, as well as the operating conditions [4, 5].
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The resultant force applied by the tyre to the road is a vectorial sum of the latitudinal and longitudinal
forces (Fig. 2). It increases in line with the increasing frictional capacity within the tyre-and-road contact
area or in line with the increasing load on the wheel [3, 4].

The value of the coefficient of adhesion (the tyre-road friction coefficient) in the course of analyzing
the road accident (RA) can be determined in one of the three ways [1, 2, 6]:

— basing on the data provided by the motor vehicle’s steering, safety and comfort electronic systems;

— by the way of test and trial;

— using the experimentally determined reference data.
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Figure 1. The factors affecting the potential tyre-to-surface grip capacity
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Figure 2. Forces applied on within tyre in Kamm Circle

The first method is rather new. Its wide application is, however, restricted because determining the traf-
fic parameters on the basis of the data provided by the on-board electronic data recorders (EDR) is only pos-
sible where such systems are installed on board. The percentage of such motor vehicles in the global fleet of
motor vehicles is rather low, yet tending to grow each year [7, 8].
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The Best Practice Manual for Road Accident Reconstruction issued by the European Network of Foren-
sic Science Institutes [2] recommends, while assessing the tyre-and-road engagement, to perform an investi-
gative experiment under the on-scene or similar roads conditions. In doing so, experts experimentally deter-
mine the coefficient of adhesion (the tyre-road friction coefficient) or the braking length, or, else, the rate of
deceleration, for such parameters identify the friction processes occurring in the tyre-and-road contact. How-
ever, application of such method is not always possible for a number of external reasons [1].

In case when such experiment cannot be conducted, the values of the coefficient of adhesion, the rate of
deceleration or the braking length can be determined with the use of using the experimentally determined
reference data [2] or assumed as standard values, as defined by the Traffic Rules and/or a regulatory docu-
ment such as Council Directive 71/320/EEC. The braking efficiency parameters can also be determined by
way of calculations using the formulas widely applicable in the expert practices [1, 9] and found out on the
basis of the driver-vehicle-road-environment (DVRE) mathematical models.

In using the DVRE systemic mathematical models, the level of uncertainty of the rated parameters de-
pends on the accuracy of the input parameters and on the assumed structure of the model which is just an
approximation to the reality. While using the data provided by the EDRs, an uncertainty of the rated parame-
ters can result from errors in the motor vehicle’s running measurements and from an inaccurate result of the
recorded data processing. The accuracy of experimental methods depends both on the test procedure, on the
test equipment and on the quality of the measured data processing [10, 11].

This study is intended to upgrade the existing approaches to estimating the coefficient of adhesion and
the braking efficiency parameters in the course of a road accident investigation while performing a technical
examination of a motor vehicle under the conditions of stochastic and fuzzy uncertainty.

Identification Methods and Structure of Adhesion Coefficient Estimation System

The adaptive system for estimating the coefficient of adhesion has been developed on the basis of the
method for identification of nonlinear objects by fuzzy knowledge bases [Ommoka! McTOUHUK CCHUIKH He
HalifeH.] in Anfis Neuro-Fuzzy Inference System [13] included in the Fuzzy Logic Toolbox for Matlab
computing environment [14]. The system was built up in a two-phase process, where the first phase focuses
on the structural identification and the second one on the parametric identification.

During the structural identification phase, the structure of dependence of the tyre-road friction coeffi-
cient (coefficient of adhesion) on the impact factors (Fig. 3) was built on the basis of the if-then rule. The
parametric identification was performed via selecting such parameters in the knowledge base which would
have provided the maximum approximation between the simulation results and the experimental data.
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Figure 3. Structure of Tyre-Road Friction Coefficient Estimation System
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As shown by Fig. 3, the neuro-fuzzy network of the system consists of five layers. Each node of the
first layer is a term incorporating the Gaussian membership function [14]

,L[uj

“‘j('xi):ez v (1
where p(x;) is a fuzzy set membership function a;; ¢; and 6;; are a maximum coordinate and a concentration
factor — the membership function parameters.

The quantity of the second-layer nodes is equal to the quantity of rules in Sugeno fuzzy knowledge
base [13] (as is clear from Fig.3, for this case the number of the rules amounts to m = 5*3*5*3 = 225).
Each second-layer node is associated with those first-layer nodes which make up antecedents of the respec-
tive rule. The node output is a degree of fulfillment of the rule t,, incorporated by the node which is equal to
the product of the input signals.

All two hundred and twenty five nodes of the third layer determine the relative degree of fulfillment of the
relevant fuzzy rule t,*

T,¥=1,/ Zl: i (2
Jj=lm
The fourth-layer nodes specify the contribution of the fuzzy rules to the network output ¢.
¢, =1, % (b, +b, - jqg+by, N+by, - V+b,, -BS), (3)

where b,, — are the coefficients of the 7-rule consequent function (r=1, 2, ..., 225;¢=0, 1, 2, 3, 4).

The single node of the fifth layer aggregates the contributions of all rules

P=Q+...+¢Q; +...+ 0, 4)

All factors which affect the tyre-road friction coefficient (the coefficient of adhesion) (Fig. 3) are con-
sidered as linguistic variables which are assigned to the respective universal sets and are estimated via the
fuzzy terms. The list of the most significant factors has been established by reviewing the data furnished by
the Bosch experts [3, 15] and based on our own theoretical findings [10, 16, 17].

The recommendations for estimating the tyres-road integral parameter jg are given in Table 1 below.

The rules for the if-then logical statement have been automatically formulated in Anfis neuro-fuzzy edi-
tor in the Matlab computing environment.

Experimental Research into Tyre-Road Engagement in Case of Emergency Braking
and System Parametric Identification

The potential engagement between the automobile’s wheels and the road surface can be estimated based
on the results of the experimental assessment of the rate of steady deceleration j in case of emergency brak-
ing. Basing on the given values j, a motor expert is able to estimate objectively the braking length of the mo-
tor vehicle and its speed at the start of braking. The acquired experimental data relating to the braking dy-
namics of Category M1 and N1 motor vehicles, which were published by the authors hereof in their
paper [17], were used to ensure the process of parametric identification of the neuro-fuzzy system (Fig. 4).

Training sample set Parametric Optimization methods
(input-output identification (error back propagation algorithm
experlmental data) & least-square method)
v

k Optimization of coefficients of rule inference functions forming )

the network output and input data membership function parameters

| Neuro-fuzzy model of object |

Figure 4. Schematic diagram of neuro-fuzzy system parametric identification

In order to create a training sample set and a test sample set for neuro-fuzzy system parametric identifi-
cation, the authors hereof kept writing down the values of the factors influencing the tyre-road friction coef-
ficient (the coefficient of adhesion) (see Fig. 3) and the tyre-road friction coefficient per se. As a result, the
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authors have acquired an experimental database (5670 input-output data pairs), a fragment of which is shown
in Table 2, below. The said database was then used to create a training sample set (3400 input-output data
pairs) and a test sample set (2270 input-output data pairs).

Table 1
Recommended Values for Tyre-Road Integral Parameter jg
Tyre Road Surface Condition
Type of Road Surface Condition Dry Wet & Clean Wet & Dirty
Cement-concrete pavement New? 7,85-8,34 6,38-6,87 3,92-4,41
p Worn-out** 8,83-10,0 491-5,40 1,96-2,45
Asphalt-concrete pavement with rough- | New 7,85-8,34 5,89-6,38 4,41-5,40
ening treatment Worn-out 8,83-10,0 4,41-491 2,45-3,43
Hot asphalt-concrete pavement w/o New 7,85-8,34 4,91-5,89 3,43-3,92
roughening treatment Worn-out 8,83-10,0 3,92-4,41 2,43-2,94
Cold asphalt-concrete pavement New 5,89-6,87 3,92-4.91 2,94-3,43
01¢ asphati-concrete paveme Worn-out 7,36-8,34 2,45-3,43 1,96-2,94
Bitumen-coated crushed-stone and grav- | New 5,89-6,87 4,91-5,89 2,94-3,43
el pavement with roughening treatment | Worn-out 7,36-8,34 3,43-441 1,96-2,94
Bitumen-coated crushed-stone and grav- | New 5,4-5,89 4,41-4,91 2,43-2,94
el pavement w/o roughening treatment Worn-out 6,38-7,36 2,45-3,43 1,96-2.,45
Crushed-stone and eravel surfa New 5,89-6,87 5,40-5,89 2,43-2.94
fushed-stone and gravel surtace Worn-out 7,36-8,34 3,92-4.41 1,96-2,45
New 4,41-491 2,45-3,92 1,96
Surfaced earth road Worn-out 5,4-5,89 1,96-2,94 1,96
L N New 1,47-3,43
00S€ STIOW Worn-out 1,18-2,45
New 2,35-2,75
Grader-rolled snow Wormn-out 1.67-2.06
. New 2,16-2.45
Rolled smooth snow w/o ice crust Wormn-out 1.47-1.77
o New 1,18-1,47
Rolled smooth snow with ice crust Worm-out 118147
Rolled smooth snow with ice crust after | New 1,67-1,86
. 3 2
sanding at the rate of 0.1 m” per 1000 m Worn-out 1.47-1,67
of road
Rolled smooth snow with ice crust after | New 2,45-3,73
: 3 2
sanding at the rate of 0.4 m” per 1000 m Worn-out 1,96-2,94
of road
New
Icy road Wormn-out 0,88-1,47 0-0,78
*New — up to 50% tyre tread wear,
**Worn-out — 50 to 100% tyre tread wear, yet not less than 1.6-mm tyre tread height
Table 2

Experimental Database (fragment)

9,7 0,78 | 3,92 | 6,87 | 5,89 54 834 | 7,85 | 491 9 2,45 | 1,96
150 250 325 325 725 200 650 275 475 375 300 500
20 60 80 80 80 20 100 40 80 130 60 100
BS 1 3 2 2 1 1 3 1 3 3 3 2

¢ |0,8251]0,075| 0,333 | 0,584 | 0,384 | 0,453 | 0,665 | 0,627 | 0,427 | 0,754 | 0,232 | 0,157

<|=zE
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Fig. 5, below, demonstrates the training process of the adaptive neuro-fuzzy system used to identify the
tyre-road friction coefficient (the coefficient of adhesion) on the basis of the input-output data in Matlab
Anfis Editor with the use of the error back propagation algorithm combined with the least-square method.

10 %1072 Training Error — ANFISInfo.  —

# of inputs: 4
# of outputs: 1
# of input mfs:
5353

Error

2 Structure
(1] 10 20 30 40 50 Clear Plot
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Figure 5. Adaptive neuro-fuzzy system training process

As is clear from Fig. 5, the training process was completed at Epoch 46, and since then the prediction
error did not virtually change. The parameters of the membership functions for the input variables, upon
completion of the training process, are given in Table 3, below.

Table 3
Parameters of Membership Functions for Factors Affecting the Coefficient of Adhesion
Factor Universal set | Estimating terms P.ost—trammg 'rnernbershlp function p;.lrarneters
Maximum coordinate c¢; Concentration factor oj;

Jjql, 0.0590850487694922 1.21303528289064
742, 2.50888607968828 1.29362727632086
Jjq (0-10) Jjq3, 4.9965620984888 1.32563448443905
g4, 7.49073784735645 1.29871407906703
Jq5 9.90873828689305 1.21900000000000

N1, 150.000359668698 153.94025595164
N (150-875) kg N2, 512.500041047082 153.940298272589
N3 874.999647086585 153.940274751047
= 0.0000334931228812 13.8014376704274

r2, 32.5000120855364 13.8015719754217

V (0-130) km/h V3, 64.999862248206 13.8014329230444
va, 97.4998567966736 13.8016196963052

s 130.000045723149 13.8013863343706
BS1, 0.999998025382338 0.424656245081971
BS (1,2,3) BS2, 1.99999606577894 0.424659477853096
BS3 2.99999810282448 0.424665371752738

The parameters of the membership functions (MF) for the output variable are given in Table 4, below.

Table 4
Specifications of Membership Functions for Coefficient of Adhesion (fragment)

I MENumber | 1 | 2 | 3 | 4 | 5 | 6 | 7 1 8 [ 9 [ 10 [ 1t [ 12 ] 13 ] 14 ]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
IMF Parameter |[-0.0255]-0.0218]-0.0496{-0.0092|-0.0276] 0.0014 |-0.0102{-0.0087|-0.0145|-0.0094]-0.0114|-0.0113]-0.0091{-0.0108
IMF Number 15 16 17 18 19 20 21 22 23 24 25 26 27 28
IMF Parameter [-0.0115|-0.0068|-0.0154|-0.0062]-0.0094|-0.0068|-0.0139]-0.0087|-0.0103]-0.0102{-0.0081{-0.0098|-0.0107(-0.0077
IMF Number 29 30 31 32 33 34 35 36 37 38 39 40 41
IMF Parameter [-0.0101]-0.0100{-0.0113{-0.0063]-0.0123|-0.0073|-0.0093|-0.0095|-0.0078|-0.0084|-0.0102|-0.0074|-0.0087| ...
IMF Number 46 47 48 49 50 51 52 53 54 55 56 57 58 59
IMF Parameter |0.2205|0.2031/0.2812]0.2022]0.2251{0.2453|0.1950]0.2182]0.2424]0.1855[0.2194{0.2299[0.1755|0.2179
IMF Number 60 61 62 63 64 65 66 67 68 69 70 71 72
IMF Parameter |[0.2183/0.1879/0.1931]0.2320]0.1808|0.1936]0.2253]0.1732]0.1953]0.2149{0.1643|0.1951 {0.2043
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
IMF Number 101 102 103 104 105 106 107 108 109 110 111 112 113 114
IMF Parameter |0.4498|0.4709|0.3596 |0.4469|0.4470|0.3880|0.3889 | 0.4816|0.3708 | 0.4004|0.4592|0.3551|0.3999 | 0.4406
IMF Number 115 116 117 118 119 120 121 122 123 124 125 126 127
IMF Parameter |0.3371(0.3997|0.4184|0.3220]0.3994|0.4000|0.3507 | 0.3535|0.4342|0.3247{0.3500 | 0.4026 | 0.3138
IMF Number 217 218 219 220 221 222 223 224 225 Universal set (0 1]
IMF Parameter |0.6367|0.7167|0.7898]0.6047|0.7173|0.7512|0.5728|0.7114|0.7115 Type: constant

A comparison of the prediction error in estimating the value of the tyre-road friction coefficient (the co-
efficient of adhesion) using various methods is given in Table 5, below.

Table 5

Prediction Error in Estimating the Value of Tyre-Road Friction Coefficient Using Various Methods

Parameter Hybrid neuro-fuzzy | Existing fuzzy Linear Nonlinear
model model [16] model model

RMSE 0.0035 0.0089 0.0291 0.0101
Mean relative error 1.79% 3.97% 15.35% 14.76%
Maximum relative error 3.09% 8.12% 62.03% 40.22%
Number of data pairs in training 5670 64 5670 5670
sample and test sample sets

The nonlinear model for predicting the value of the tyre-road friction coefficient (see Table 5 above)
reads as

¢=-0.0316+0.0823- jg+0.00001- N +0.0001-V +0.0272- BS + 0.00001 - jq2 +

+0.00001- N2 —0.00001-¥2 —0.0041- BS? —0.00001- jg-N —0.0001- jg-V + (5)
+0.008- jg - BS +0.00001- N -V ——0.00001- N - BS —0.0001-V - BS.

The linear model for predicting the value of the tyre-road friction coefficient (see Table 5 above) reads as
¢=0.0164+0.0789- jg—0.0001- N —0.0004 -V +0.0392 - BS. (6)

As is clear from Table 5, the offered adaptive neuro-fuzzy system for identification of the value of the
tyre-road friction coefficient is the most accurate one (the mean prediction error being 1.79%, and the maxi-
mum error 3.09%), so it can be recommended for application in performing technical examination of amotor
vehicle in the course of a road accident investigation.

The adaptive neuro-fuzzy system for identification of the value of the tyre-road friction coefficient, de-
veloped by the authors hereof, is a self-trainable system, provided the experimental database (see table 2
above) is being updated and replenished; it can demonstrate, as reference data, the unifactor and multifactor
interrelations of the parameters under study. The quality of the interrelations of the parameters in question
depends on the contents and scope of the experimental base.

Conclusions

1. The development of the on-board electronic steering, safety and comfort systems in motor vehicles,
as well as innovations in the tyre production processes increase the tyre-and-road engagement capacity, thus
entailing the need to upgrade the existing regulations and methods used for estimating the braking properties
of motor vehicles.

2. Any expert findings, when used as evidence, are to be substantiated with true and veracious output
data, as well as by the fitness and adequacy of the methods used to investigate the road accident in question.
The widely-used methods which use the reference data to determine the rated parameters, can often only
roughly estimate the range of probable values for the output variables, basing on the grounds of stochastic
uncertainty, thus impairing the objectivity of the decision to be made in the course of investigation into the
cause of a road accident.

3. The above-said approach allows dealing with the output data which can bear stochastic and/or fuzzy
uncertainty. This decreases the range of probable estimates in the course of simulation and enhances the ob-
jectiveness of the decisions being made. Therefore, the offered adaptive neuro-fuzzy system for estimating
the value of the tyre-road friction coefficient can be recommended as an alternative solution to the existing
road accident investigation practices.

56 BecTHuk KaparaHguHckoro yHuBepcuteTa



Tyre-Road friction Coefficient: Estimation Adaptive System

References

1 Struble D. Automotive accident reconstruction: practices and principles / D. Struble // Boca Raton: CRC Press. — 2013. —
498 p.

2 European Network of Forensic Science Institutes. Best Practice Manual for Road Accident Reconstruction, ENFSI, ENFSI-
BPM-RAA-01. Version 01 — November 2015. [Electronic resource]. — Access mode: http://enfsi.eu/wp-content/uploads/2016/09/
4. road accident reconstruction_0.pdf.

3 Reif K. Bosch Automotive Handbook. 9th Edition / K. Reif, K.H. Dietsche & others // Karlsruhe: Robert Bosch GmbH. —
2014. — 1544 p.

4 Pacejka Hans B. Tyre and vehicle dynamics / B. Pacejka Hans // 3rd Ed. Butterworth-Heinemann, Elsevier. — 2012. —
629 p.

5 A Policy on Geometric Design of Highways and Streets. — AASHTO Green Book. — 7th Ed. — 2018. — 1047 p.

6 Kanwar Bharat. Singh Estimation of tire-road friction coefficient and its application in chassis control systems / Kanwar Bha-

rat Singh, Saied Taheri // Systems Science & Control Engineering. — 2015. — Ne3 (1). — P. 39-61. DOLI
10.1080/21642583.2014.985804.
7 Marco P daSilva Analysis of Event Data Recorder Data for Vehicle Safety Improvement [Electronic resource]. — Access

mode: http://www.nhtsa.gov/DOT/NHTSA/NRD/ Multimedia/PDFs/EDR/Research/811015.pdf.

8 Hynd D. Study on the benefits resulting from the installation of Event Data Recorders [Electronic resource] / D. Hynd,
M. McCarthy. — Access mode: https://ec.europa.eu/transport/sites/transport/files/docs/study edr 2014.pdf.

9 Typenko A.M. ABrortexHiuna excneptusa. [ocuimpkenns obcrasun JTII: miapydHHK Ui BUIIUX HABYAJIBHUX 3aKIAiB
/ AM. Typenrko, B.I. Kinumenko, O.B. Capaes, C.B. lanens // Xapkis: XHAXYVY, 2013. — 320 c.

10 KamxanoB A.A. HeBu3HaueHiCTh BUXIJHHMX JAHUX Ta ii BIUIMB HA pe3yJIbTATH JOCIIUKEHHS ITapaMeTpiB pyXy yJacHHKIB
JTII/ A.A. KamkanoB // BicHuk MammH0oOytyBanHs Ta Tpancnopry. — Ne 2(8). — 2018. — C. 35-44.

11 Wach W. Uncertainty of calculation results in vehicle collision analysis / W. Wach, J. Unarski // Forensic Science Interna-
tional. — 2007. — Vol. 167(2). — P. 181-188. DOI: 10.1016/j.forsciint.2006.06.061.

12 Rotshtein A. Fuzzy Evidence in Identification, Forecasting and Diagnosis / A. Rotshtein, H. Rakytyanska // Berlin: Springer,
2012. — 313 p. DOL: https://doi.org/10.1007/978-3-642-25786-5.

13 Jang J.-S.R. ANFIS: Adaptive-Network-based Fuzzy Inference Systems / J.-S.R. Jang // IEEE Transactions on Systems,
Man, and Cybernetics. — 1993. — Vol. 23. — Ne 3. — P. 665-685.

14 IItos6a C.J. IIpoextupoBanue HeyeTkux cucreM cperacrBamu MATLAB / C. 1. llItosba. — M.: Iopstuas nunus-Tenekom,
2007. — 288 c.

15 Bosch analysis: driver assistance systems continue their strong advance [Electronic resource]. — Access mode:
https://www.bosch-presse.de/pressportal/de/en/bosch-analysis-driver-assistance-systems-continue-their-strong-advance-148032.html

16 Kamxanos B. A. [HrenexryansHa TexHOJOTIs ineHTHOIKaNil KoedilieHTa 3ueInIeHHs IpH aBTOTeXHIuHiH excrieptu3i JTII :
moHorpadis / B.A. Kamkanos, B.M. Pe6enaiino, A.A. Kamkanos, B.I1. Kyxens. — Binaus: BHTY, 2011. — 128 c.

17 Kashkanov A.A. Inertial evaluation of the tyre-road interaction during emergency braking / A.A. Kashkanov, V.M. Diorditsa,
V. Yu. Kucheruk, D. Zh. Karabekova, A K. Khassenov, A.M. Sharzadin // Bulletin of the University of Karaganda-Physics. — 2019.
— Ne 2(94). — P. 82-91. DOI: 10.31489/2019Ph2/82-91.

A.A. Kamkanos, A.I1. Pormreiin, B.JO. Kyuepyk, B.A. Kamkanos

ABTOMOOM/Ib IIMHAJIAPBIHBIH KO0J¥Fa i1iHicy KO3 PpuumeHnTi:
OarasnayabIH OeiliMaesren xkyieci

YKon-kenik OKUFamapbiH Teprey KesiHae KOk Kypajigapbl HIMHAJIAPBIHBIH JKOJFa UTiHICY KOI(hGHUIHEHTIH
GarayayablH JKSTUIIIPUITeH oiicTeMeci YChIHBUFaH. ba3abIK Herisri ofic IIYFBIT TeKey Ke3iHIe aBTOMOOMITh
IIMHAJIAPEIHBIH JKOJIMEH 03apa dpEeKeTTeCyiH IKCIIEPUMEHTTIK 3epTTey HOTIXKelepi 00k Tadbuans!. lninicy
k03 $UIUeHTIH Oaranay IIMHAHBIH XKOJMEH OaillaHBICBIHIAFBI YHKEIIC IpOIecTepiHe eneyll acep eTeTiH
napamerpiep OoibIHIIA >KyprisiireH. Imixicy kod¢d¢umueHtiH OaranmaynbslH CHHTE3JENTeH OeHiMuery
JKyileciHe eHTi3UIreH eH CaIMaKThl IapaMeTpliep KoK KypandapblHbH Oasyiaybl MEH TEXETill YKOJIBIHBIH
KOPCETKILITEPiH TEOPUSUIBIK Tan/ay Heri3iHae aHbIKTanabl. ABTOMOOWIb IIMHANAPBIHBIH XKOJIMEH e3apa ic-
KUMBUI CallachliH )KOHE OHBIH KOJIiK KypaJlapbIHBIH KO3FalIbIC IIapaMeTpIIepine acepin OaranayblH Koina 6ap
capanTamajblK 9iCTepiH 3epTTey KOJJAaHBICTAFbl TOCUIACPAl JKETUIAIpy KaXKeTTiriH KepceTkeH. lmiHicy
k03¢ duLHeHTIH OaranayplH 93ipJCHIeH aIalTUBTI XKyieci, KONJaHbICTaFbIapIaH aibIPMAIIbUIBIFBL, ©31H-
e31 oKpITyra Kabinerri. On Mopmenpaeynin Oenrici3firin asaiiTyra »koHe OipiHIN JoHE eKiHII Typueri
KaTelepliH maiira 0oJly BIKTUMAIIBIFBIH KBICKAPTYFa MYMKIHIIK Oepemi. MyHmail HOTHXKeEre TeXeTill
Kyienepi MeH aBTOMOOWIb LIMHANApbhl KOHCTPYKLMSICBIHBIH JaMybIH, KOJIK KYpalJapblHbIH KO3FaIbIC
JKBUITAMIBIFBIH JKOHE OJapIbIH JOHTEICKTEPiHIH KYKTENyiH, CTOXACTUKAIBIK OHE aHBIK OeNrici3ik
JKarqablHaa 6acTarKpl IepeKkTepli eHaeyre KabieTTi Ka3ipri 3aMaHFbl MaTeMaTHKANIBIK 9iCTep/i KOJIAaHy
ecebiHeH KoJ KeTKisinred. YcpiHbuFaH Tocin M1, N1 canaTrarsl aBTOMOOMIBAED YLIIH ©3iHIH THIMIUTITIH
KOPCETKEH JXOHE KeJIIK KypalJapblHbIH Oacka caHaTTapbl YIUIH OJaH opi 3epTTeyiep KYprisy Kelemerin
pacraraH.
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Kinm cesoep: ininicy ko3((ULHEHTI, aBTOMOOHIb MIMHACHI, YKOJI KaObIHBI, TEXEY Mpoleci, OaranayabH
GeitiMaenreH xyiieci, OoI-KOJIK OKUFalapbIHbIH CapanTaMachl.

A.A. Kamkanos, A.I1. Pormreiin, B.JO. Kyuepyk, B.A. Kamkanos

Koy puuuenr cueniennsi aBTOMOOMJIBHBIX IIIHH € JIOPOTOii:
aJalTHBHAS CHCTEMA OLEHKH

IIpemnoskeHa ycOBEpIICHCTBOBAHHAs METOJMKA OLECHKH KOd(p(UIMEHTa CIEIUICHHS IIMH TPAaHCIOPTHBIX
CPEACTB C JOPOrOH IpH paccieOBaHUU JOPOKHO-TPAHCIOPTHBIX NPOUCIICCTBUN. ba3oBoi 0CHOBOH MeTO-
JIMKN SIBISTIOTCS. PEe3yJIbTAaThl 00pabOTKH SKCIEPUMEHTANBHBIX UCCIEIOBAHIH B3aUMOICHCTBHS aBTOMOOHIIB-
HBIX LIMH C JOPOTOM IIpU 3KCTPEHHOM TOpMOkeHHH. OueHka Ko3()(GHIMEHTa CLEIUICHUS MPOU3BOIUTCS
10 MapaMeTpaM, KOTOpbIe CYLIECTBEHHO BIMAIOT Ha MPOIECCHl TPEHUS B KOHTAKTe MIMHBI ¢ foporoit. Hanbo-
Jiee BECOMbIE MapaMeTphl, BKIIOUYEHHbIE B CHHTE3MPOBAHHYIO aJalITHBHYIO CUCTEMY OLICHKH KoddduienTa
CLIETUICHUSI, ObIIM BBISBICHBI HA OCHOBE TEOPETHYECKOTO aHAIM3a MOKa3aTelel 3aMeUIeHus] 1 TOPMO3HOIO
MyTH TPAHCTIOPTHBIX cpeAcTB. MccnenoBaHne CyniecTBYIONIMX SKCIEPTHBIX METO/I0OB OLIEHKM KauecTBa B3au-
MOJICHCTBHUS aBTOMOOWJIBHBIX IIHUH C JOPOTOH M €ro BIMSHHE Ha IapaMeTphl ABIDKCHUS TPAHCIIOPTHBIX
CpEJICTB MOKa3aIi He0OXOJUMOCTh YCOBEPIIEHCTBOBAHMUS CYIIECTBYIOIINX MOAX0A0B. Pa3paborannas anar-
THBHAsI CHCTEMA OIEHKH K03((GHIMEHTa CUEIICHHS, B OTIMYHE OT CYIIECTBYIOIINX, CIOCOOHA K caMoo0yde-
Huto. OHa NO3BOJISICT YMEHBIIUTD HEONPEICICHHOCTh MOACIUPOBAHUSA U COKPATUTh BEPOATHOCTD MOSIBICHUS
OLIMOOK MEPBOTO U BTOpOro poja. Takoi pe3ynbTaT AOCTUraeTcsi 6arofaps yueTy pa3BUTHUS KOHCTPYKIMU
TOPMO3HBIX CHCTEM U aBTOMOOMIIBHBIX IIUH, CKOPOCTH JBHKEHHS TPAHCIIOPTHBIX CPEACTB U 3aTPY>KEHHOCTH
UX KOJIeC, MPUMEHEHHs] COBPEMEHHBIX MaTEMAaTHYECKUX METO/O0B, CIIOCOOHBIX 00padaThIBaTh HCXOAHBIE JaH-
HbI€ B YCJIOBUAX HAJIM4YMsA CTOXaCTHMYECKOM M HEYETKOW HeompeneneHHOCTH. IIpeioskeHHbIi oaX0 oKa-
3a1 cBoio 3ddexTHBHOCT Tt aBTOMOOMIEH Kareropuit M1, N1 U moarBepami MepcrieKTUBY MPOBEACHUS
JAIbHEUIINX UCCIEJOBAaHUM ATl JPYTUX KaTeropuil TPAHCIOPTHBIX CPELICTB.

Knoueswvie cnosa: KOSq)(i)I/IHI/IeHT CHCIIICHUSA, aBTOMOOMIIbHAS HIKWHA, TOPOXKHOC IMMOKPBLITUE, IPOUECC TOPMO-
JKCHU, aJallITUBHAasA CUCTEMaA OLICHKH, SKCIIEPTHU3a JOPOKHO-TPAHCIIOPTHBIX HpOPICU.IeCTBPIﬁ.
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