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1. Introduction

The road surface profile is one of the main parameters which in-
fluences the vehicle’s road holding and comfort characteristics. When 
the car moves on a rough road surface, the recorded parameters of the 
road surface profile can be applied in improving the dynamic char-
acteristics. One of the methods of improving the road holding is the 
changing of the suspension damping force by active or semi-active 
type shock absorbers. That would ensure better driving comfort, ve-
hicle steerability and the overall road safety [11, 25]. Then using ac-
tive or semi-active suspension road irregularities are recorded then 
front wheel comes on bump or pothole. Therefore, road irregularities 
measurement with laser sensors lets preview roughness before wheel 
comes on it. It lets innovatively control suspension and gets better 
road holding and comfort characteristics. 

Many methods are designed in order to determine the road distur-
bances. Some methods are based by the profilograph measuring de-
vice, others by profilometer [9]. Both methods are very expensive and 
are used only in road building and maintenance companies [5]. Also, 
a profilometer which consists of 30 aluminium arms is designed. The 
device measures a 3 m wide road surface and the measurements are 
done every 10.18 mm with the help of the arms [3]. It is widely used 
dynamometer trailer with measuring single wheel named SRT-4. 
Equipment is manufactured at Road and Bridge Research Institute, 
Poland [16]. With this trailer is able to investigate road surface adhe-
sion and automotive tyre anti-slip properties [17].

A number of studies carried out to estimate road profile with 
factory-mounted sensors and using same filters and mathematical 
algorithms. Widely used Youla–Kučera parameterization technique 
also known as Q-parameterization [6]; Kalman filter [18]; Extended 
Kalman filter [4] and etc. Mathematical algorithms require very fast 
processing, because it requires additional calculations and precision 
still unmatched by direct measurement (laser, stereo camera, etc.).  

Furthermore, there are methods to determine the road disturbances 
in standard cars by using additional devices, e.g., stereo camera which 
can scan the road surface and also forecast the disturbances by using 
the available sensors that are mounted in the car [5, 7]. 

Another method used to evaluate the road roughness is the Inter-
national Roughness Index (IRI) [13, 14, 20]. IRI is an index defined 
by the number of disturbances, their size and layout per unit length of 
the road surface [22]. Scientist P. Mučka [14] is summarised IRI limit 
values for new, reconstructed, or rehabilitated roads and road classifi-
cation schemes used around the world. 

IRI index is calculated by simulating the quarter-car model, also 
known as Golden car, moving on the measured road profile at a speed 
of 80 km/h. The model allows to measure the displacements of the 
suspension and wheel, compensate them and evaluate the road profile. 
Also index could be measured using an instrumented vehicle equipped 
with non-contact sensors (infrared, laser or acoustic etc.) and acceler-
ometers [1]. Different IRI values are supposed for different surfaces 
(Fig. 1). The measurement units for IRI are m/km, in/mi. 
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Artykuł przedstawia i ocenia metody określania nierówności nawierzchni drogi na podstawie danych z laserowych czujników 
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samochodu i zmian przechyłu nadwozia względem osi podłużnej na obliczanie nierówności nawierzchni. Walidacja wyników po-
kazała, że kompensacja odchylenia zawieszenia nie zapewnia wystarczającej dokładności pomiaru nierówności drogi, ponieważ 
przechyły nadwozia mają większy wpływ na przetwarzanie sygnałów rejestrowanych przez zamontowane na nim czujniki.
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Another index describing the road disturbances is half-car rough-
ness index (HRI). When determining this index, two wheel tracks and 
a dynamic model of the “half-car” are used. The IRI index correlates 
with the HRI index at an approximate ratio HRI ≈ 0.8 IRI [19].  

The aim of this work – after reviewing the road roughness es-
timation methods, to experimentally determine the road profile us-
ing the Japanese method and by applying the suspensions deflection 
and the body longitudinal roll compensation to improve the Japanese 
method.

2. Review of existing methods

Yuan et. al. [24] describes a method how to determine the road 
surface disturbances using laser line detection devices. The influence 
of the car and relief shadow on the accuracy of the measurement is de-
scribed. It is stated that for the use of this method the road surface has 
to be clear. In the article [2], this method is applied to platooning of 
trucks. The first truck measures the road surface by lasers and trans-
fers the obtained parameters to the following trucks. For the process-
ing of the results, the Naïve Bayes method is used [12].  

Another method to determine the road disturbances is to use the 
data of the car’s acceleration [8, 15]. During the moving of the car, the 
data from accelerometer are recorded, they are optimised and, based 
on The Cross Entropy theory, the road disturbances are forecasted. 
Many cars have factory mounted accelerometers because the active 
safety systems of the car use deceleration and acceleration meanings. 
The research which was carried out with 5 road surfaces showed that 
the forecasting of the road surface from the acceleration parameters is 
sufficiently accurate (error up to ±2%).

2.1. Japanese method

In Japan, in order to determine the road disturbances, a method 
measuring the height differences from the road surface is used (Fig. 
2). The measurements are done every 1.5 m at three points. While 
doing the measurement, all the results are recorded, and to get better 
accuracy, lasers are used instead of rolls [21].

The recorded measurement results are processed using equation:

 d h h hi i i i= − +− +
1
2 1 1( )  (1)

Here di – the roughness of the road profile; 1 1,,i i ih h h− +  – the distan-
ces measured at characteristic points.

From the Fig. 2 It can be seen that after determining the rough-
ness of the road profile di at the point B, the measurement point is 
shifted to position D, where the heights 1 1,,i i ih h h− +  are respectively 
at the points B, C ir D. The baseline becomes a line, going through 
the points B, C and D. Using the equation (1) di can be calculated at 
the point C. After completing a group of measurements, positive and 
negative bump values are obtained. These bumps are height differ-
ences based on the baseline every 1.5 m. 

The standard deflection of the longitudinal roughness  is calcu-
lated by summing the road profile heights  by using the equation:  
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−
−
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Here σ – the standard deflection of the longitudinal roughness (mm);  
di– the roughness of the road profile; nr – the number of the recorded 
date.

Japan Highway Public Corporation recommends to calculate the 
coefficient σ from the recorded values of a road section of length of 
150 m. 

2.2. Symmetrical estimation method

Two more methods for estimation of the road disturbances using 
laser sensors are described in the source [10]. The first one is the sym-
metrical estimation method (Fig. 3).

This estimation method is more reliable when measuring the road 
roughness waves of 3 m and longer. The symmetrical method is simi-
lar to the previously mentioned Japanese method, however the laser 
sensors are arranged at the distance of σs = 0.6 m m. In Fig. 3, the laser 
distance sensors are marked by numbers 1, 3, 4. After recording the 
data of the sensors, the roughness is calculated by using equations:

 y y Un n
i

n
i= +−

=
∑1

1
 (3)

Fig. 1. IRI meanings depending on the road surface [20]

Fig. 2. The road roughness measurement method used in Japan [21]

Fig. 3. The symmetrical road roughness estimation method [10]
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 U h h h= − − +( )1 3 42  (4)
Here y and U indicate the average height at the distance of σs.

2.3. Asymmetrical estimation method

The asymmetrical estimation method is used as a supporting 
method for the symmetrical one. This method is designed for deter-
mining the smaller waves of the road roughness. The system also uses 

3 laser sensors, only they 
are arranged asymmetrically 
(Fig. 4).

The distance between 
the sensors 1 and 2 is  m, the 
distance between the sensors 
2 and 4 is  m. The recorded 
values of each sensor are 
used when calculating the 
road roughness average by 
using the equations:

 

W h h h= − − +( )1 2 4
12
11

1
11

     (5)

 y y y Wn n n n= − +− −
12
11

1
111 12  (6)

Here y and W indicate the average height and measurement param-
eters at the distance of σA.

The presented road roughness estimation methods limit them-
selves to the processing of the signals measured by the laser distance 
to the road surface sensors, however when mounting the sensors on 
the car it is equally important to evaluate the inertia of the bodywork. 

3. Experimental Research

Car Mercedes-Benz E350 BlueTec 4MATIC 2014 year is used 
for the research. The weight of the car during the research is 1956 kg, 
the overall dimensions – length 4879 mm, width 1853 mm, height 
1474 mm, wheel base 2873 mm, researched with tires of dimensions 
245/45 R17. Recording the dynamic parameters, the mobile Kistler 
Group measurement equipment was mounted on the car: three dis-
tance measurement sensors Corrsys-Datron HF-500C (Fig. 5), two 
(for separate axes) wheel vector sensors Kistler RV-4, an optical ve-
locity and driver distance measurement device Correvit S-350 Aqua, 

vehicle inertia measurement unit (IMU) Corrsys-Datron TANS-3. The 
technical parameters of the used equipment are presented in table 1.

All of the measured parameters were registered at the frequency 
of 200 Hz to Data Acquisition Systems DAS-3, and later processed on 
the computer by using the TurboLab 6.0 software.

Two dry asphalt road sections of length of 150 m were chosen for 
the experimental research. The profiles of the two selected different 
road surfaces are presented in the Fig. 6. The largest deflection of the 
surface S1 is 4.8 mm, and of the surface S2 – 11.9 mm [26].

When carrying out the research, the car Mercedes-Benz E350 with 
the mounted equipment was driven at a steady speed of 80 km/h. 
When processing the research results, the calculations were done 
using 3 methods:

The described Japanese method;• 
The improved Japanese method – using only the values of • hi−1 
and hi+1, and compensating the suspension displacements (de-
flections) of the moving car;
The improved Japanese method – using only the values of • hi−1 
and hi+1, and compensating the body pitch rate oscillations. 

When improving the Japanese method, only the values of hi−1, 
hi+1 with the compensation of the suspension displacements were se-
lected. In other case, the compensation the body pitch rate oscillations 
was added. The body pitch rate oscillation is described in the “half-
car” model (Fig. 7). 

Fig. 4. The asymmetrical road roughness estimation method [10]

Fig. 5. A car with the mounted mobile Kistler Group measurement equipment

Table 1. The technical parameters of the used equipment

Layout of the 
equipment 

(Fig 5)

Name and mod-
el of the device Measured parameter, units Measurement 

accuracy
Principle of the 
measurement

Limits of the 
measurement

1 Corrsys-Datron 
TANS-3 Body pitch rate, θ, deg ±0.1% IMU ±150°/s

2 Correvit 
S-350 Aqua Vehicle speed, vx, km/h ±0.2% Optical 0,5-250 km/h

3 Kistler 
RV-4

Suspension deflection, Δz, 
mm  ±1 mm Mechanical ±200 mm

4 Corrsys-Datron 
HF-500C Distance, φ, m ±0.2% Laser 125-625 mm

Fig. 6. The profiles of the road surfaces S1 and S2
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The “half-car“ model consists of three bodies: ms – car’s body-
work (sprung mass), mur ir muf – the front and rear wheels with axles 
(unsprung masses). This model has 4 degrees of freedom: the vertical 
displacement of sprung mass z and transverse about the transverse 
axis ϕ, the displacements of the unsprung masses zur and zuf. Inde-
pendent excitations from the road are marked by displacements zrr 
and zrf , the front and rear axles’ suspension forces Fr ir Ff.

The parameters in the “half-car” model are described by the New-
ton-Euler movement equations. 
The vertical movement of the sprung mass:

m z B B z l B l B K z z B z K z zs f r f f r r f rf uf f uf r sr 



= − + + − − − + − −( ) ( ) ( ) (φ uur r ur f rB z F F) + + +

(7)

The pivoting about the transverse axis:

I l B l B z l B l B l K z z l B zf f r r f f r r f f sf uf f f uf






φ φ= − − + + − − −( ) ( ) ( )2 2 ll K z z
l B z l F l F

r r sr ur

r r ur f f r r

( )− +

+ − +  (8)

The movement of the front unsprung mass:

m z K z B z l K l B K K z z B zuf uf tf f f tf f f f tf sf uf f uf 



= − + + − + + − −φ φ ( )( ) −− −K z Ftf rf f

(9)

The movement of the rear unsprung mass:

m z K z B z l K K K z z B z K zur ur tr r r tr r tr sr ur r ur tr rr  = − + − + + − − +φ ( )( ) −− Fr

(10)

In the model, the values of the rigidity of the tire and the suspen-
sion – Ktf , Ktr, Kf ir Kr , as well as the values of the suspensions 
damping Bf – Br ir  are used. 

In this work, the compensation of the body pitch while 
improving the Japanese method is used. For this goal, the 
displacement of the bodywork to the front and rear axles, 
which is formed by the pivoting around the transverse axis, 
is calculated (Fig. 7):

 ∆z l tanr r= ⋅ φ  (11)

 
∆z l tanf f= ⋅ φ

 (12)

Each Δ value is compensated from at the same time measured values 
of hi−1, hi+1.

4. Results and discussion

After processing the measured data using 3 described methods, 
the obtained results are presented in the Fig. 8. and Fig. 9. For better 
comparison of the methods, the results of one road section are shown 
in the same graph.

In order to evaluate the methods even more accurately, the valida-
tion based on the root mean squared error was used. The validation 
was done with the MATLAB software, and the results are presented 
in the Table 2. The method most accurately matches the road profile 
when the body pitch rate oscillation is compensated. Validating by 
using this method, the root mean squared error is the lowest in the 
section S1 – 0.5728, and in the section S2 – 2.4538. The Japanese 
method dies not fully reflect the road profile because, when doing the 
calculations using the 1 equation, the average of the measured heights  

Fig. 7. “Half-car“ model [23]

Fig. 9. The road profile determined by using three methods compared to the real road 
profile of the section S2.

Fig. 8. The road profile determined by using three methods compared to the real road 
profile of the section S1.

Table 2. The results of the validation of the road roughness estimation methods.

Measurement method
Validation based on the Root Mean Squared 

Error

S1 section S2 section

The Japanese method 1.9428 4.7157

The Japanese method after compensating the suspension deflection 1.2804 4.2886

The Japanese method after compensating the body pitch rate oscillations 0.5728 2.4538
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and  by the side sensors is subtracted from value of the height  of the 
middle sensor.

The improved Japanese method – using only the hi−1 and hi−+ val-
ues and by compensating the displacement of the suspensions for the 
moving car is not a sufficiently accurate method to determine the road 
surface. Moving through the road disturbances the car oscillates and 
the suspension damps the oscillations of the bodywork, that is why the 
displacement of the suspension is compensated, which is larger than 
the actual road disturbance.

5. Conclusion

After reviewing the road roughness estimation methods using the 
laser distance sensors and carrying out the experimental research with 
the sensors mounted on a standard car, the following conclusions were 
made:  

the widely applied Japanese method for the practical estimation • 
of the road roughness based on the data of the three laser distance 

sensors arranged at the distance of 1.5 m is not sufficient when the 
sensors are mounted on the bodywork of a standard car;
when determining the road disturbances based on the data of the • 
laser distance sensors mounted on a car, correction based on the 
suspension travel is not sufficient as it does not eliminate the 
oscillations of the bodywork;
after applying the compensation of the body pitch rate oscilla-• 
tions, the best results of the road surface roughness was obtained, 
and, after validating it, based on the real road profile in road sec-
tions of different smoothness, the root mean squared errors that 
are lower from 1.92 to 3.39 times are obtained. After applying 
the less effective compensation of the suspensions travel, the 
root mean squared errors are lower only 1.1-1.52 times.
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