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Abstract—Road surface profile quality plays an important role 

in defining pavement material functionality. Laser profiling 

systems are valuable tools for traffic safety, particularly in relation 

to friction effects. The modelling process begins with contactless 

remote surface scanning of materials. It is based on the interaction 

between coherent light and the surface, followed by various signal-

processing techniques. Mobile scanning systems are based on 

multisensory platforms moving along the road surface. It is 

important to evaluate movement-related effects such as vibrations 

of the moving system, changes in platform velocity, macro-level 

surface irregularities, and similar structural material issues.  

Precise laser signal scanning techniques contribute to the 

development of risk prediction models that support traffic safety 

in situations where friction-related problems arise. Moreover, 

these mobile profiling methods are cost-effective. They improve 

safety, maintenance planning, and lifecycle cost management while 

reducing both survey time and traffic disruption without requiring 

road lane closures. 

Keywords—road surface, texture profiling, mobile laser scanning 

systems, fine-scale change detection, road safety, cost-effectiveness 

I. INTRODUCTION

Mobile laser scanning is a relatively new method for 

estimating and determining surface parameters. This technology 

is especially suitable for obtaining information about material 

surface features. It can be used to generate two-dimensional or 

three-dimensional data of surrounding objects. Using high-

speed, high-sensitivity sensors and advanced capturing systems, 

the surface profile of a targeted object can be visualized and 

analyzed with a high level of accuracy and precision. 

Applications of laser scanning techniques extend to various 

engineering fields in urban, suburban, and rural environments, as 

well as to traffic monitoring and autonomous vehicle control 

systems. This paper presents a multisensory mobile laser 

scanning platform mounted on a moving vehicle. Such a system 

enables the scanning of road surface profiles and fine textures 

related to surface unevenness. Data acquisition and management 

systems based on moving sensing platforms are introduced as 

powerful tools for road risk mapping, which is highly important

for improving safety for all traffic participants. Due to the large 

volume of data involved in this sensing field, acquisition systems 

should process and average the collected data. Based on these 

analyses, autonomous vehicles can make decisions more 

effectively, while drivers can more easily adjust their driving 

style according to changing road conditions. 

Laser profiling processes involve specific non-contact 

measurement systems that include a coherent light source and a 

light-sensitive detector. The most commonly used detectors for 

coherent light are various types of CCD or CMOS cameras. The 

operating principle of a laser profiling system is based on the 

interaction between a laser beam and the surface of the material 

of interest. First, the incident beam interacts with the surface, 

and then the reflected beam is captured by a detector, resulting 

in the visualization of variations in the object’s surface profile. 

The signal processing algorithms are then used to determine 

height, width, ruptures, failures, slope, and other material profile 

parameters and features. During the laser beam-material 

interaction process, various types of measurement errors may 

occur. Special correction techniques are used to minimize the 

effects caused by variations in the surface material’s reflectance 

index. This depends on the type of material but is also influenced 

by varying ambient lighting conditions. Laser profiling systems 

are suitable for applications involving non-contact 

measurements, where surface geometry and quality assessment 

are of high importance. One of the most sophisticated mobile 

scanning systems has recently been used in the context of road 

safety applications. Through adequate determination and 

classification, the safety level of a road segment can be assessed, 

contributing to improved safety for all traffic participants. 

II. ROAD SURFACE SCANNING TECHNOLOGIES

Precise determination of the surface profile has always been 

a relevant topic in the field of material research [1]. In particular, 

the classification of road infrastructure is of interest within the 

road safety context [2], [3].  

Internationally established road assessment systems and 

international standards provide a framework for developing 

methodologies for measuring road quality.  
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Within the context of these standards and systems, 

parameters are defined that represent qualitative and 

quantitative indicators of road surface condition [4].  

Considering the important factors related to traffic infrastructure 

safety, the quality and condition of road surfaces at all levels of 

road infrastructure are highly significant [3,4]. Determining 

road quality provides the basis for road management strategies 

and significantly contributes to improving road safety. 

One of the most important parameters describing a road 

surface is its texture. It is a key road condition indicator and is 

important for determining major road safety factors. These 

factors include tire-road surface interaction, skid resistance and 

water drainage. From a safety perspective, these are critical 

characteristics of a surface, especially in the presence of 

contaminating layers such as water, snow, ice, oil, and similar 

substances [4]. 

Measurement techniques for road condition assessment can 

use devices based on optical methods, particularly those using 

coherent light sources. LIDAR techniques, together with 

scanning technologies, provide a broad theoretical foundation 

for the advanced application of geometric and wave optics based 

on reflection, scattering, and attenuation processes. In this 

paper, a dynamic measurement approach enabled the collection 

of a large amount of raw data, which was analyzed to obtain a 

realistic representation of the road surface profile. One 

advantage of the applied measurement method is that online 

processing can be performed to meet the requirements for rapid 

response and different measurement resolutions. This dynamic 

real-time approach also creates new opportunities for further 

theoretical signal processing and for the practical 

implementation of user-friendly automated systems. 

Methodologies for assessing road quality can be divided 

into three groups: 

• Recording roads and their surroundings using various 

types of cameras [6]. 

• Systems designed to capture the composition and 

structure beneath the roadway surface [7]. 

• Contactless methods based on reflection and scattering 

processes that use coherent light and are developed for 

monitoring and evaluating road surface conditions, such 

as flatness, texture, cracks, moisture, and the presence of 

water, snow, or ice layers [8].  

These three groups of techniques enable the visualization 

of the thickness and structure of road layers, including asphalt 

layers and objects beneath the roadway surface. In general, these 

systems can be used for both qualitative and quantitative 

assessment of road surface conditions. It should be noted that all 

methods must comply with international and local 

administrative requirements [7,8]. 

 Surface profile, in terms of macrotexture data collected from 

various road surfaces, has been analyzed using a wavelet 

transform approach [9]. Wavelet analysis has also been applied 

to determining particle dimensions as basic elements of surface 

materials [10]. By using 2D and 3D scanning systems, texture 

visualization can be presented in a highly sophisticated manner 

[11, 12].  

 

Relatively new approaches to data processing from laser 

scanning devices and other modern surface profiling methods 

have been developed in accordance with established standards 

[13-15]. 

Statistical analysis and signal processing techniques have 

been widely used to process road macrotexture data [16]. In this 

way, physical descriptors of texture properties in road mixtures 

have been presented through Fourier transforms, power spectral 

density (PSD), arithmetic average deviation, standard deviation, 

skewness, kurtosis, and geometric indicators such as average 

slope and average curvature [17]. Advances in digital imaging 

techniques have produced direct methods for determining 

aggregate dimension parameters that directly affect 

macrotexture [18]. Fractal and multifractal analyses of road 

surfaces and granular materials have also been performed [19]. 

Surface texture profiles have been treated as fractal sets through 

the decomposition of original images.  

Most authors have so far analyzed road surface texture data 

using linear or nonlinear analysis methods and a static 

measurement approach. Mathematical modeling has primarily 

been aimed at developing theoretical approaches for obtaining 

quantitative parameters used in the characterization of road 

surfaces, including the materials essential for their proper 

monitoring and management [20]. The analyzed surfaces have 

mainly consisted of asphalt and concrete mixtures; however, it 

should be noted that the presented analysis can also be applied 

to other types of materials. In our work, measurements 

representing road surface texture were collected continuously 

using a modern multisensory platform equipped with 

appropriate components, including lasers, mounted on a 

specialized vehicle [21]. The influence of road surface texture 

on the other previously mentioned factors is also included 

among contemporary research topics. 

III. METHODOLOGY 

Road surface texture is one of the main surface parameters 

indicating the level of unevenness relative to an ideal two-

dimensional surface. The investigation can be treated either as a 

pure theoretical study or as part of routine road surface 

monitoring, which is strictly governed by relevant 

administrative recommendations [6-8], [13-15].  

Depending on the applied data collection techniques, i.e., 

contact (mechanical) or contactless methods (X-ray, laser beam, 

video camera, and ground-penetrating radar systems), road 

surface characterization and its parameters can be evaluated 

from several perspectives [22]. 

The road surface profile can be represented through several 

ranges of surface texture, such as microtexture, macrotexture, 

megatexture, and roughness or unevenness, as shown in Fig. 1 

[23]. 
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Figure 1. Classification of road surface texture ranges 

 

Road surfaces are usually designed with various texture 

profiles in order to achieve an acceptable level of water 

drainage. This provides an appropriate tire-road surface 

interface, especially in the presence of rain, snow, ice, or similar 

weather conditions. Macrotexture is obtained through suitable 

proportioning of the materials used in modern surface-finishing 

techniques (Fig. 1). 

Macrotexture measurements can be performed using both 

static and dynamic approaches, based on methods described in 

the standardized procedures [6-8].  

In this paper, the analysis of road surface profile and its 

macrotexture, as one of the quality indicators and quantifiers of 

road surface condition along roadways, was carried out. 

Dynamic measurement data were obtained using laser 

scanner/profilometer devices recommended by ISO standards 

[13-15]. These devices formed part of a multisensory platform 

mounted on a vehicle used for data collection. Data acquisition 

and processing were conducted according to recommended 

procedures. [8], [21-26]. While the vehicle-mounted sensor 

platform was moving along major roadway sections, 

macrotexture data were collected. Signal processing was based 

on the statistical moments of the road surface texture data.  

The laser scanning system is shown in Fig. 2, representing 

the so-called dynamic approach.  

Such a measurement system provides the opportunity to 

quantify different characteristics of the road surface and, thanks 

to its modular operation, enables longitudinal and transversal 

visualization, as well as video frame acquisition. The main 

objective is the categorization of road quality and the evaluation 

of road safety levels. 

 
Figure 2. Laser scanning system mounted on a moving vehicle 

 

In this paper, a portion of the measurements collected 

continuously during vehicle movement along a main roadway 

was processed. A quantum generator used as the source enabled 

the acquisition of reflection measurements at a vehicle speed of 

55 km/h. The main subsystems of the vehicle workstation 

include the laser source, detector subsystem, signal-processing 

electronics, and a computer. The workstation is referenced using 

GPS (Global Positioning System) coordinates. Texture data 

were obtained in real time during vehicle movement and were 

also recorded for detailed post-processing analysis. The 

measurement sample interval was selected according to the 

requirements of the analysis. 

In this analysis, a 16 kHz laser was used under conditions 

involving real vehicle vibrations. In order to analyze profiling 

uncertainty, the samples were averaged over distance intervals 

of 20 m and 100 m. А 100 m distance interval is a commonly 

used standard averaging interval in laser scanning techniques. A 

20 m distance interval was selected in accordance with road 

safety standards, taking into account the stopping distance of a 

vehicle travelling at an average speed of 60 km/h. Different 

statistical methods were applied to the obtained data to improve 

the description and characterization of the road surface along 

the roadway. 

IV. RESULTS AND DISCUSSION 

Dynamic measurement results contained in time series 

were obtained using a mobile laser scanning system along 

segments of the main arterial routes. Two time series were 

obtained in real time using a multisensory platform [21, 27].  

In processing the results, three main approaches were 

established: 

1. Averaging the values to obtain more reliable data. 

2. Performing autocorrelation analysis of the obtained results. 

3. Conducting spectral analysis of the data. 

The profile depth of the road segment obtained by 

averaging samples over 20 m intervals is shown in Fig. 3a, while 

averaging over 100 m intervals is presented in Fig. 3b. It is 

important to note that the data acquisition was performed for the 

longitudinal profile along the route. 

 

Photo
Detector   Laser
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The technique used within the selected moving window 

was based on four statistical moments. (MEAN, STDEV, 

SKEW, and CURT are abbreviations for mean value, standard 

deviation, skewness, and kurtosis respectively). 

 

 
a) 

 

 
b) 

 

Figure 3. Averaging of samples over 20 m (a) and 100 m (b) intervals. 

 

The moving window was 400 m wide, and the moments 

were calculated for each window. The macrotexture profile 

depth data obtained by averaging over 20 m intervals are shown 

in Fig. 3a, while the profile depth data obtained by averaging 

over 100 m intervals are presented in Fig. 3b. The samples were 

obtained from a road segment approximately 10 km in length. 

The collected profile data was normalized, and the statistical 

moments were calculated based on the normalized profile depth 

values. 

The statistical moments presented in Fig. 3 directly indicate 

the increased dynamics of the time series obtained by averaging 

over shorter distances. It can be observed that the mean values 

did not change significantly along the longitudinal distance, 

indicating no substantial increase in measurement uncertainty. 

On the other hand, the STDEV values for the 20 m averaging 

intervals visibly decreased, while the SKEW and CURT values 

increased in comparison with averaging over 100 m intervals. 

In the continuation of the analysis, the Fourier 

transformation of the complete measured time series was 

calculated. The results of this analysis are shown in Fig 4. 

Based on the Fourier spectra of the time series shown in Fig. 

5, calculated using the FFT function in MATLAB, more 

pronounced variations can be observed in the local structure of 

the time series. This indicates better tracking of the surface 

profile when using averaging over shorter distances, while also 

suggesting improved measurement precision and reduced 

uncertainty.  

 

 
a) 

 
b) 

 
c) 

 
d) 

 

Figure 4. Statistical moments applied to the obtained data: MEAN (a), STDEV 

(b), SKEW (c), and CURT (d), for 100 m and 20 m averaging intervals. 

 

 
Figure 5. Fourier spectra of the measured time series. 

 

In the continuation of the analysis, the autocorrelation 

function was applied to each time series, and the resulting 

autocorrelation functions are shown in Fig. 6.  
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Figure 6. Autocorrelation function for 20 m and 100 m averaging intervals 

 

The autocorrelation function, as a measure of signal 

randomness, describes the behavior of a time series by 

highlighting its self-similarity within the local structure. It was 

observed that the 100 m averaging function is lower, indicating 

a higher level of randomness (Fig. 6). In contrast, the 

autocorrelation function for 20 m averaging is higher, indicating 

a lower level of randomness.  

This corresponds to variations in macrotexture, as it captures 

finer fluctuations of the surface profile, which in the formation 

of the upper asphalt layer should exhibit a uniform structure. 

Macrotexture is inherently a random phenomenon; however, in 

the context of vehicle motion and longitudinal scanning, it 

shows recurring patterns. Therefore, using a dynamic 

measurement approach in real time, its categorization and 

classification can be performed. 

In addition to the dynamics of vehicle movement, vibrations 

also affect the optical path of the laser beam. These vibrations 

directly affect the accuracy of the measurements. Vibration 

increases the randomness of the signal; however, with increased 

measurement resolution at a 20 m interval, this effect is partially 

compensated. 

It should be noted that, according to R tables (AASHTO, 

2005 – digital imaging for particle dimensioning), the value of 

R lies in the interval from 0.07 to 0.10 and increases 

significantly under high humidity conditions. This can affect the 

accuracy of the obtained data and may slightly modify the 

results, especially when both wet and dry sections are present 

on the same type of road surface.  

A more detailed analysis of reflection effect would require 

deeper investigation in the fields of metrology, calibration, and 

the general relationships between optical constants and the 

dielectric, magnetic, and transport properties of materials, as 

well as material dispersion relative to the applied source.  

The second aspect of the discussion relates to changes in 

vehicle dynamics, where route selection is influenced by road 

load, local traffic regulations and day- and night-time 

measurement conditions. 

Observed as fluctuations, laser output is inherently affected 

by variations of different types, depending on the active 

material, pumping mechanism, and lasing process. External 

fluctuations arise due to instability in the source position, 

vehicle dynamics, and varying optical paths that the beam 

travels before conversion into electrical signals. The third type 

of fluctuation refers to noise related to the detection and signal-

processing system, as well as unavoidable parasitic signals. 

V. COST BENEFITS OF PROFILING METHODS 

Mobile laser scanning systems for road surface texture profiling 

are emerging as promising techniques for surface roughness 

prediction, offering cost reduction and time savings, while 

minimizing the need for reprocessing of surveyed segments and 

ensuring compliance with technical specifications [28]. In 

Northern European countries, approximately €600 million per 

country is spent annually on the maintenance and repair of 

paved roads. The use of mobile laser scanning profiling methods 

can reduce these costs by up to 20% [29]. 

The implementation of fine-scale texture profiling in road 

surfaces typically yields measurable improvements in skid 

resistance, ride quality, and noise reduction. In addition, 

optimization and economic analysis help justify the investment 

in terms of safety and lifecycle costs. 

Texture profiling contributes to cost-benefit improvements 

by reducing accident rates and extending service life through 

delayed resurfacing interventions. 

Laser-scanning-based road surface texture profiling 

typically offers a strong cost-benefit position because it 

provides high-resolution, high-speed data that improves safety, 

maintenance planning, and lifecycle cost management, while 

reducing both survey time and traffic disruption without 

requiring road lane closures.  

In practice, the cost-benefit of laser-based road surface 

texture profiling is usually favorable for medium to large road 

networks, where improved safety, optimized maintenance 

strategies, and faster data acquisition clearly outweigh the initial 

sensor and processing investment over a period of a few years. 

Although the primary objective is cost-effectiveness, such 

systems are also valuable in terms of reliability and 

measurement accuracy [30]. 

VI. CONCLUSION 

In this paper, a laser scanning system for road surface profile 

determination was presented. The assessment of the road 

surface profile, i.e., its macrotexture, was carried out based on 

the obtained data. We suggest that a dynamic measurement 

approach, together with appropriate statistical processing, 

provides a basis for improving the precision of overall road 

structure diagnostics. It also enhances the possibility of 

improving road conditions, reducing measurement uncertainty 

caused by vehicle dynamics, and enabling better classification 

and categorization of road surfaces. 

The obtained results are useful for better evaluating skid 

resistance of various materials, and in particular road surface 

texture effects such as friction, deformation, stopping distance, 

and the probability of loss-of-control accidents. They also 

support risk assessment, cost-effectiveness analysis, and overall 

road safety evaluation. 
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