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Abstract 

Efficient and well-maintained road systems are necessary for the economic well being of 

any industrialized country. Maintenance and rehabilitation of existing roads have taken 

priority over new construction in recent years, thus making information about the condi-

tion of road surfaces extremely important. Several methods of gathering this information 

have been developed worldwide; one of them is Laser Road Surface Tester (Laser RST), 

which was developed in Sweden in 1981. 

The Laser RST is a laser-based, computer-automated, non-contact road profilometer 

system with the ability to collect and simultaneously process data about the road surface. 

Variables measured include rut depth, unevenness, cracking, megatexture, rough macro-

texture, fine macrotexture, crossfall, curves, and elapsed distance. Subjective evaluations 

are also supported, if desired. 

Eleven laser rangefinders (LRFs), mounted on the front of the Laser RST van, are the 

primary components of the data collection system. They scan the road with high-speed, 

high-resolution distance sampling. The signals from the lasers are sent through signal 

processing cards (SPCs) and then to a computer inside the van for final processing. Data 

is stored on floppy disk and printed by an on-board printer. 

The Laser RST is an extremely complex system but it is also a modular one, making 

troubleshooting and repair relatively easy, inexpensive, and fast. This paper discusses the 

various modules available. Variables measured are defined and measurement algorithms 

detailed. The Laser RST system can be customized to meet specific user requirements 

quickly and easily. 

Data from the Laser RST is used in various ways, depending on where and for whom the 

measurements are done. One example is as input data for Pavement Management Systems 

(PMS's). These computer programs use the data from the Laser RST about the road surface 

to generate a set of recommendations for the most cost-efficient road rehabilitation policy. 

The data format from the Laser RST can be tailored to interface with a wide variety of 

PMS's. RST Sweden AB has a PMS available for those customers who do not currently have 

one. The Laser RST data also interfaces well with the more traditional statistical databases. 

RST Sweden AB provides an extensive set of graphical tools and services for these 

customers as well. 

In Sweden, the Laser RST measures a significant portion of the roads every year; the data 

from these measurements is used by the Swedish National Road Administration and its 

Road Data Bank, which generates graphical and statistical information about the road 

system. 

The Laser RST is currently measuring or has measured roads in numerous other countries 

including Australia, Canada, Czechoslovakia, Denmark, England, Finland, France, Ger-

many, Hungary, Iceland, New Zealand, Saudi Arabia, Spain, and the United States. Some 

of the results of these measurements are described. 



Future developments for the Laser RST include storage of raw data, video pattern process-

ing for cracking classification, friction measurement, bearing capacity, and road visibility. 

Also planned are a h igh-performance research vehicle, road-edge scanner, and 

network-node marking. 

At present, the Laser RST is the only fully integrated road-surface measurement system 

available, collecting and directly evaluating all data on a large number of road condition 

variables simultaneously and at normal traffic speeds. 
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1: Introduction 

1.1 Summary 

This chapter introduces the subject of road surface testing, including why it is needed and 

which road surface characteristics are normally measured. Initial efforts to evaluate the 

surface of the road objectively began about 70 years ago; these early and rather simple 

procedures have been developed into what is now a highly sophisticated and complex 

discipline. The Laser RST is one of the systems currently in use worldwide, all of which 

use more or less different methods. The chapter ends with an overview of the report. 

1.2 Road Surface Testing: Purpose and Use 

In today's world, economic growth cannot occur without a well-constructed and well-

maintained system of roads, for it is this system that makes the rapid, inexpensive, and 

safe movement of goods and people possible. In Sweden, it is widely recognized that an 

efficient system of roads is vital to economic expansion; the Swedish government has 

therefore allocated a significant percentage of its national budget for road construction and 

maintenance. 

The road system in Sweden consists of an extensive network with a total distance of 415,000 

km. The state road network—the major highway system—represents only one-fourth 

(98,000 km) of the total network. Only 70 percent of this is paved (69,000 km) but carries 

about 95 percent of the total traffic on the state road network (Statistisk Arsbok for Sverige, 

1990). Recent legislation allowing increases in axle loading combined with ever-growing 

traffic density have resulted in an increase in the rate of pavement deterioration. 

Following a trend seen in many countries, in 1979 the Swedish Parliament passed a major 

road policy giving maintenance priority over construction. It was decided that counteract-

ing the deterioration of existing roads would be more cost-efficient than expanding the 

network. Resources for maintenance have in fact exceeded those for construction during 

the last ten years, and it is currently estimated that up to 70 percent of future expenditures 

on major highways will be for pavement rehabilitation or reconstruction. 

Selecting the most cost-efficient method and timing of rehabilitating a road pavement are 

two of the important decisions today's highway engineer has to make. An informed 

decision of this nature cannot be made without precise and timely information on the 



condition of the road surface. Highway engineers and other road authorities are finding 

such information increasingly important in the evaluation of road performance and in the 

determination of appropriate rehabilitation methods. Road surface data has become an 

integral part of the decision-making process which road administrators utilize to make the 

most cost-effective decisions concerning pavement rehabilitation. Reliable data about the 

condition of the road surface is vital in these areas: 

• Determination of where, when, and how maintenance efforts should be applied 

to the road surface 

• Calculation of materials and time needed for maintenance work 

• Prioritized allocation of resources 

• Correlation and optimization studies between accidents, road-user costs, main-

tenance policies, ride comfort, and the road surface condition 

• Control of methods and materials used in road construction and maintenance 

• Acceptance testing of newly constructed roads 

• Follow-up of long-term maintenance contracts 

• Research in new road construction methods 

Data on the condition of the road surface is divided into several categories. Each category, 

or road surface characteristic, has a different effect on the overall quality of the road surface, 

particularly from the user's point of view. A general description of these characteristics 

and some of their effects follows. 

1.3 Road Surface Characteristics 

The characteristics of the road surface may be categorized into several levels of surface 

irregularity. These vary depending on the size (wavelength) of the smallest dimension 

involved, and whether that feature extends over a relatively large area (a global feature) 

or only in the immediate vicinity (a local feature). Whether a feature is global or local is 

important in terms of its measurement. Global features, no matter how small, can normally 

be measured accurately through the use of statistical measurement processes applied over 

the global area. Local features are easily measured only if they extend over a relatively large 

area; small local features are more difficult to measure. 

The characteristic topography of the road surface affects safety, comfort, and economic 

impact on the road user. Features considered to be of importance in specifying a road's 

topography include: 

• texture 

• longitudinal profile and unevenness 

• cross profile, including crossfall and rut depth 

• road geometry, including inclination and curve radius 

• cracking 

The characteristic texture of a road surface is critical to comfort, safety of the road users, 

and the economic health of the road network. Pavement texture impacts directly on the 

frictional characteristics of the pavement, of great importance to the safety of the road users. 

Texture is also the primary determinant of the level of road noise generated by traffic, which 

influences the comfort of both road users and communities. In economic terms, road 

surface texture influences the rates of fuel consumption and vehicular deterioration. 



Road unevenness is perhaps the most salient road characteristic from the user's point of 

view because it affects ride comfort so strongly. Comfort may also correlate with many 

vibration effects, e.g., the general level of road distress, the probability of damage to 

transported goods, the wear and tear on cars, and energy consumption. Perceived comfort 

depends primarily on the dynamics of the vehicle and on the road's longitudinal profile 

(unevenness). Most measurement systems measure this profile directly and then derive 

the required unevenness index from it. 

Rutting is a primary consequence of vehicular abrasion and deformation of the road 

pavement. It depends on traffic volume, loading, speed, and type of paving material used. 

The degree of rutting is also influenced by the use of studded tires. In addition to reducing 

driver comfort, deep ruts can present a danger to the road user by interfering with vehicular 

control and allowing standing water, leading to hydroplaning. 

As an example of how these various road characteristics affect the road user, consider 

hydroplaning, a dangerous condition occurring on wet roads above a certain speed. 

Hydroplaning occurs when a film of water separates the tire from the pavement surface. 

It is related to vehicular speed and weight, tire characteristics, road texture, and depth of 

water present on the roadway surface. While many variables are thus seen to affect 

hydroplaning, it is essential that water of greater than a critical depth be present on the 

surface if hydroplaning is to occur. Thus, the hydroplaning potential of a section of 

highway is determined by the possibility that critical depths of water will be present during 

times of rainfall or flooding. 

Since hydroplaning can occur only when water is present on the roadway surface, a 

determination of the hydroplaning potential of roadway sections is best made by con-

sideration of the roadway topography: its surface geometry, texture, and cross profile. The 

water depth on a road surface is a direct function of rainfall rate and an inverse function 

of drainage rate. Drainage can be characterized as seepage (drainage through the pave-

ment) and runoff (across the surface of the pavement, both longitudinal and transverse 

drainage toward the shoulders). Seepage in most pavements is minimal, except for newly 

engineered pavement materials specifically designed for a high seepage rate. Runoff 

depends on the road surface texture (which affects the water flow rate), the longitudinal 

and lateral slopes of the surface, and surface depressions which form traps that prevent 

normal drainage (such as ruts). 

Data on crossfall is needed to determine the overall drainage characteristics of the surface. 

Information on the forward or longitudinal slope is needed to determine the additional 

drainage which may be attributable to a favorable down slope or inversely the additional 

water depth which may result from an influx into the region of interest along the flow path 

provided by the roadway surface. Cross profile is needed to determine areas where water 

may be trapped and not drain properly regardless of the general slope characteristics of 

the surface. 

Road geometry refers to the vertical and horizontal angular changes of the road surface. 

Too small a curve radius with respect to the design speed of the roadway (and especially 

in combination with a too-small or even negative crossfall) can require speed reductions 

and can even cause accidents. Roads with extreme longitudinal slopes are likewise un-

economical and can also be dangerous. 



Cracking is an early sign of a road with problems. It can indicate climactic or traffic-loading 

stresses that have exceeded the pavement's design limitations, or problems with the 

underlying road structure. 

1.4 Road Surface Testing Systems Currently in Use 

The need for a systematic means of acquiring and processing information about road 

surface conditions is recognized as a critical component of any comprehensive pavement 

management system or PMS (Chapter 4). Unfortunately, much of the road-condition data 

presently used as input into PMS's and road databanks is acquired manually. This is a slow, 

costly, error-prone, and labor-intensive process of subjective visual inspection or in-

dividual measurement of road parameters, and 100 percent inspection is seldom feasible. 

In addition, the consistency of subjective ratings has been tested, with results indicating a 

low correlation between observers (including highly experienced highway engineers) and 

even among the same observer's ratings over time. 

An automated road-surface measurement system is nearly always the most cost-effective 

and efficient method of collecting the required road-surface data. The Laser Road Surface 

Tester (Laser RST) is one such automated system, but it is not the only one in existence. 

Besides a number of instruments capable of measuring just one or two parameters and a 

few more complex devices used only locally, there are, in addition to the Laser RST, eight 

other major automated systems now in use: two from Japan (Pasco ROADRECON and 

Kokusai Kogyo ROADMAN), three from the United Kingdom (HRM and its derivatives 

HSV and MRM), and one each from France (GERPHO), Canada (ARAN), and the United 

States (KJ Law 690DNC). 

1.5 Overview of Report 

With this very brief introduction to road surface testing in hand, the Laser RST can now 

be examined. Chapter 2 begins with an overview of the system and then describes its 

hardware, signal processing computer cards, data management, driver/operator, main-

tenance, and documentation. Chapter 3 discusses the algorithms used to analyze the data, 

including those for longitudinal profile and unevenness, cross profile and rut depth, 

texture, cracking, road geometry, and algorithm accuracy and repeatability. Chapter 4 

discusses how data from the Laser RST is used in Sweden and includes a description of 

the Swedish governmental agencies that deal with road maintenance. Chapter 5 focuses 

on the use of the Laser RST in other countries, and finally, Chapter 6 looks at future plans 

for the Laser RST. 



2: The Laser RST 
Components 

2.1 Summary 

This chapter presents the Laser RST's method of measuring road surface characteristics in 

general terms and explains what function each of the system's components has in the 

collection and processing of data. The components are grouped into several categories: (1) 

hardware, beginning with the laser rangefinders (LRFs); (2) the signal processing computer 

cards, responsible for processing information from the LRFs; (3) the driver/operator, an 

extremely important part of the system; and (4) data input and management. Also 

described are Laser RST maintenance procedures and currently available system documen-

tation. 

2.2 Overview of the Laser RST 

The first Laser RST was developed in 1981 by the Arnberg team at the Swedish Road and 

Traffic Research Institute (VTI*), and the team has continued with considerable research 

and development since then (see bibliography). In Sweden, part of the main road network 

is measured every year, some main roads (such as E4) are measured several times each 

year, and all surfaced roads are measured at least once every three years. Each year, up to 

65,000 km are measured by RST Sweden AB with the Laser RST system. 

The Laser RST (Figure 2.1) can be defined as a laser-based, computer-automated, non-con-

tact road profilometer system with the ability to collect and simultaneously process a wide 

variety of data about the road surface. Road surface data is collected, analyzed, and stored 

in real-time at traffic speeds of up to 90 k m / h . For some variables (e.g., longitudinal and 

cross profiles, and crossfall), measuring speed can exceed 90 k m / h . 

Initially the Laser RST was used only in Sweden but now measures roads in many other 

countries in Europe, North America, Australia, and the Middle East (Chapter 5). The Laser 

* VTI is the official abbreviation of the Swedish name of the institute, Statens viig- och trafikinstitut. 



Figure 2.1. The Laser RST, an integrated system which uses the same laser rangefinders 
for all measurement purposes. 

RST has become an internationally recognized tool in the cost-effective maintenance and 

management of roadways. The primary advantages of the Laser RST (Figure 2.2) are that it: 

• contains a fully integrated data collection, analysis, and storage system; 

• is a completely controlled system with well-established testing procedures on all 

levels and careful calibrations of all variables; 

• is easy to use, requiring minimal operator training; 

• measures the surface of the road with an extremely high degree of accuracy 

(suitable for calibrating other equipment); 

• has excellent re-test reliability; 

• evaluates field data in real-time; 

• is flexible and easy to reconfigure for a multitude of data collection tasks, PMS 

formats, maps, graphs, etc.; and 

• is safe in traffic because of its speed independence and width of only 2.5 meters. 

Figure 2.2. Characteristics of the Laser RST. 



The Laser RST is unique when compared to other road measurement systems because of 

its data collection and processing system. The basis of this system is the laser rangefinder 

(LRF); 11 of these units, mounted on a support beam in front of the vehicle, collect data by 

accurately and rapidly measuring the distance from the beam to the surface of the road 

(Figure 2.3). 

• Rut Depth ^ Cracks ^Crossfal l 

IH Roughness • Hilliness/ E^Curve radius 

E l Texture G r a d e 

Figure 2.3. The Laser RST principle. 

Vertical motion of the vehicle is removed from these measurements through the use of an 

accelerometer which measures the beam's vertical acceleration. Wavelengths from as small 

as 2 mm to as large as 100 m are measured by the LRFs and are the basis of the data 

collection. Longitudinal distancing information is provided by a pulse transducer 

mounted on one of the front wheel hubs. Figure 2.4 shows an overview of the measurement 

system while Figure 2.5 is a schematic description of the processing system. 

Figure 2.4. Overview of the Laser RST system. 
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Figure 2.5. Schematic description of the Laser RST processing system. 

The Laser RST's fully automated data-analysis system means that accurate, objective, and 

reliable measurements can be obtained rapidly, safely, and at very low cost. The Laser RST 

also includes these features: 

• Data is displayed continuously inside the vehicle during the measurement 

process, making it possible for the on-board technician to correct any problems 

should they occur, thus avoiding unnecessary delays in measuring. 

• Data is analyzed as it is collected, eliminating the costly and time-consuming 

process of analysis after measurements have been taken; this also minimizes 

operator error. 

• The Laser RST is safe in and non-disruptive to surrounding traffic because the 

vehicle can allow for normal speed variations in traffic without affecting measure-

ment accuracy. For example, Figure 2.6 illustrates the negligible effect of speed on 

macrotexture measurements. Data from the LRFs are fully compensated for the 

vertical and forward motions of the vehicle from speeds of 8 to 90 k m / h . 

• All road-surface variables are measured simultaneously, in a single pass over the 

surface, at up to 90 k m / h . The variables measured by the Laser RST are (Figure 

2.7): 

» longitudinal profile and unevenness (multiple wavelengths and several 

calculated indices, SPC 5 and 7) 

» cross profile including crossfall (SPC 6) 

» rut depth (maximum and for each wheel track individually, SPC 6) 

» megatexture (SPC 3 and 4) 

» rough and fine macrotexture (SPC 3 and 4) 

» cracking (SPC 1 and 2) 

» road geometry (horizontal and vertical curve radius, etc.) 

» elapsed distance 

Data is also collected on variables related directly to serviceability and safety, such as 

evenness (International Roughness Index using the quarter-car method) and hydroplaning 

(rut depth in conjunction with crossfall, grade, and macrotexture). In addition, subjective 

evaluations of the road surface can be recorded when necessary. 



Speed Independence 
(Rough Macrotexture Camera 4) 

km/h 
Test at VT11989 

Figure 2.6. Measurement of macrotexture at six different speeds. 

Crossfall 

Figure 2.7. Measurement variables. 

2.3 Hardware 

| ^ H Laser Rangefingers (LRFs) 

The LRFs (manufactured by Selcom AB, Sweden) are the most important transducers of 

the data collection system in the Laser RST. They scan the road with high-speed, high-

resolution sampling (Figure 2.8). 

The LRFs emit an invisible beam of infrared energy in a very concentrated ray yielding the 

small spot-size necessary for precise measurement (0.5 mm in diameter at 30 percent of 

maximum power). Before the signal is digitized and linearized, proprietary circuits pre-

process it to adapt it to different lighting and reflection levels. The output from an LRF is 

a high-speed serial signal that describes a longitudinal sample line of the road. 



Fig u re 2.8. Laser measurement principle. The laser light spot on the road 
surface is reflected onto a light-sensitive displacement sensor. Electrical 
signals representing the vertical position of the laser spot are recorded 
and computer processed. 

The LRFs are mounted on a bumper-bar/crossbeam in front of the vehicle; the LRFs and 

the crossbeam are collectively referred to as the cross profile sampler (CPS). Figure 2.9 

illustrates the usage and positioning of the LRFs in the CPS and the numbering scheme 

used. The LRFs are numbered from 0 (the unit on the left side from the driver 's viewpoint) 

to 10. 

The two outer LRFs (0 and 10) are angled outward, mounted at an angle relative to the 

straight vertical mount of all the other LRFs. This outward orientation allows these two 

LRFs to scan the road surface at spots located outside the ends of the CPS. Table 2.1 lists 

information about usage, sampling frequency, measuring range, and resolution of the 

LRFs. 

Laser Rangefingers 
(LRFs) 

0 1 2 3 4 5 6 7 8 9 10 

Angled standard lasers: 0, 10 

Standard lasers: 1, 5, 9 

High-frequency lasers: 2, 3, 4, 6, 7, 8 

Figure 2.9. Laser unit positions for the Laser RST (1987) from the driver's viewpoint. Some Laser 
RST's use more LRFs, e.g., the Saudi Arabian Laser RST, which uses 13. 

A standard configuration of 11 LRFs has been utilized almost exclusively in the Laser RST, 

but it is relatively easy to modify this configuration to meet specific user needs. Some 

examples of modifications are: 

• When measuring concrete pavements, in which the primary form of cracking is 

corner cracking near the slab edges, LRFs 1 and 9 (normally 16 kHz) are upgraded 

to 32 kHz to meet the higher resolution requirements of crack detection beyond 

the ends of the crossbar. 



• To change the lateral position on the road where macrotexture or cracks are 

measured, LRFs 3 and 7 are used. Macrotexture can still be measured along two 

points of the road surface, but any two of LRFs 2,3,4,6, 7, and 8 may then be used. 

• More LRFs can be added, and all except the angled LRFs can be 32 kHz. If 

necessary, the angled LRFs can also be upgraded to 32 kHz, but this requires 

adding Signal Processing Computer (SPC) cards (described below) and the 

measuring range will be reduced. 

Table 2.1. Usage, sampling frequency, measuring range, and resolution of the LRFs. 

LRF(s) Usage 
Sampling 

Frequency 
Measuring 

Range 
Resolution 

0, 10 Cross profile 16 kHz 362 mm 0.06 mm 

3, 7 Cross profile 32 kHz 128 mm 0.03 mm 

1, 5, 9 Cross profile 16 kHz 256 mm 0.06 mm 

2 
Cross profile 

Longitudinal profile 
Cracks 

32 kHz 128 mm 0.03 mm 

4 
Cross profile 

Cracks 
Macrotexture 

32 kHz 128 mm 0.03 mm 

6 
Cross profile 

Cracks 
32 kHz 128 mm 0.03 mm 

8 

Cross profile 
Longitudinal profile 

Cracks 
Macrotexture 

32 kHz 128 mm 0.03 mm 

\ 

T^&M Accelerometers 

Two high-precision servo accelerometers (manufactured by Sundstrand Data Control Inc., 

USA) are mounted above LRFs 2 and 8 and are used to determine the vertical acceleration 

of these LRFs. This information is needed for the longitudinal road profile, which is 

computed for both wheel tracks. The frequency range of the accelerometers is 0-150 Hz, 

and the acceleration range in this application is set to ±2 g. The linearity is <0.05% of full 

range or 0.005 g, whichever is greater. The temperature drift is less than ±0.00005 g/°C, 

and the units are completely sealed against humidity. The analog output signal is sampled 

at a rate of 16 kHz. 

£££1 Inclinometers 

The inclination of the CPS relative to the horizon ismeasured by an inclinometer (manufac-

tured by Schaevitz Engineering, USA). The crossfall of the road surface is calculated from 

the lateral inclination of the CPS and the position of the cross profile in relation to the CPS. 

The measurement range is ±14.5° and the frequency range is 0-27 Hz. The linearity is 0.1 % 

of full range, the temperature sensitivity is 0.005% /°C, and the meter is again fully enclosed 

within a sealed housing. The analog output signal is sampled at a rate of about 4 kHz. 



When the vehicle is negotiating a curve in the road, the inclinometer is influenced by the 

lateral acceleration of the vehicle. The output of the inclinometer is then no longer the true 

inclination of the CPS with respect to the local gravity vector but is instead the resultant 

of the lateral acceleration vector and the acceleration of gravity. To correct for this error, 

the lateral acceleration of the measurement vehicle must be known. The lateral acceleration 

is calculated from the measurement of the vehicle yaw velocity and longitudinal velocity, 

which is then used to correct the inclinometer output. 

A second inclinometer is mounted on the vehicle body and is used for measuring extremely 

long wavelengths of the road profile, sometimes referred to as "hilliness." The hilliness is 

reported as the slope in milliradians (mrad) of consecutive 20-m sections of the road. 

Because readings from the inclinometer are also affected by the acceleration of the vehicle, 

corrections must be made. The acceleration is for this purpose calculated from the rate of 

change of the pulse transducer frequency (see below). 

WJ&JZM Rate Gyro 

Yaw velocity of the measurement vehicle is measured by a rate gyro (manufactured by 

Saab Aerotech, Sweden). The measurement range is ±30°/s and the frequency range is 0-25 

Hz. The linearity is 0.5% in the range of 0-7.5°/s and ±2% at higher angular velocities. The 

temperature sensitivity is ±1% of full range within a temperature range -35 to +55°C. 

Yaw velocity information is used to calculate the lateral acceleration of the vehicle to 

compensate for the influence of lateral acceleration on the inclinometer signal. Lateral 

acceleration is the product of vehicular road speed and yaw velocity. 

£££1 Pulse Generator 

A pulse generator, mounted on the hub of the vehicle's right front wheel, emits 2500 pulses 

per wheel revolution, which works out to approximately 0.9 mm of horizontal travel per 

pulse. Accuracy, defined as the maximum deviation from the nominal distance between 

two arbitrary pulse edges, is 0.02°, which corresponds to a length error of 125 (j.m. However, 

when calculating distance traveled, only every seventh pulse is observed, giving about one 

pulse per degree of wheel revolution or about 6 mm /pulse. Distance traveled is calculated 

by the number of pulses from the pulse generator, and speed is calculated by the pulse rate. 

It should also perhaps be noted that the accuracy of this measurement is to some extent 

influenced by tire radius which is affected by inflation pressure, tire temperature, and 

vertical acceleration of the vehicle. 

Electrical Compass 

An electrical compass (manufactured by Siemens, Germany) provides information used 

to draw maps on which measurement data are presented. It consists of two perpendicular 

coils on a low-retentivity magnetic material and is connected to an evaluation module. The 

inductance of the coils depends on their orientation in relation to the direction of the 

magnetic field of the earth. The purpose of the evaluation module is to provide each coil 



with the precise amount of current needed to keep the inductance constant. The current 

values to the two coils are thus a measure of the direction of the coils in relation to an 

earth-fixed coordinate system. 

££24 Supervisory Computer 

All previous Laser RST's used a Hewlett-Packard 68000-based integral computer, but 

newer generations of the Laser RST will use an 80386-based UNIX computer. The super-

visory computer 's primary function is to control multiple intelligent peripheral data 

processing units. 

The supervisory computer monitors the distancing function from the hub-mounted pulse 

transducer via the I / O card to keep track of where the vehicle is currently collecting data 

and to determine when to sequence the next set of tasks by the peripheral signal processors. 

It stores processed data on 31/2-in microfloppy disks (720 kbytes of storage on each disk), 

and formats and prints data reports for each section of road using its built-in inkjet printer. 

Like the Laser RST's hardware, the software is also modular and is designed for ease of 

customization. The software for the supervisory computer is stored on microfloppy disks, 

making it easy to change if a different sequence of operations is needed or a new report 

format is desired. A standard I / O card interfaces all SPC cards with the supervisory 

computer via a high-speed GPIO parallel port. 

Another extremely important function of the supervisory computer is the information it 

displays on screen during data collection; this makes it possible for the operator to 

determine that everything is functioning normally by seeing reasonable values of the 

parameters. There are four types of information displayed: 

• Node system information (Chapter 4), indicating location 

• Values of the variables being measured 

• Status of the subjective evaluation devices (see below) 

• Size of data files currently being collected and amount of data storage space 

remaining on a given disk 

A complete run-time control system, currently being implemented, will automatically 

monitor the condition of the entire system, check the integrity of the data being collected, 

and give the operator a warning if something looks unusual. 

Finally, the supervisory computer provides the interface to the operator. The measurement 

system in the Laser RST is controlled via commands given by the operator. Any information 

that the system requires is prompted for by the supervisory computer. This allows for a 

structured environment that has been highly successful in decreasing operator error. 

(223 Manual Input 

In addition to the data coming from the SPC cards, other data can be fed directly into the 

supervisory computer by the system operator (Figure 2.10). Some of the data is objective 

(e.g., type of pavement, weather), some is subjective (e.g., types of cracks), and some data 

may record incidental occurrences (e.g., very large crack in one section of the road). The 



data is entered into the supervisory computer via its keyboard and two special-purpose 

manual-input devices; the current status of all manual inputs is reflected on the computer 

screen. 

Manual Registration 

Mistakes in 
Road Data Bank 

Manual Supervision 

Examples: Poor drainage, 
cracks in road edges 

Figure 2.10. Manual input to the supervisory computer. 

The keyboard has three toggle-button function keys that switch their state each time they 

are pressed. The keys are activated the first time they are pressed, then deactivated the 

second time they are pressed. 

The first special-purpose manual-input device is a five-button hand-held unit with four 

momentary contact buttons and one toggle-button. Buttons 1 to 4 are active only when 

held down. Button 5 is a toggle-button similar to those on the supervisory computer 's 

keyboard; a green light gives its current status (the light is on when the button is in the 

active state). The second device is an eight-switch hand-held unit that provides relatively 

static categorical information to the computer. This unit has eight toggle switches, each 

with three positions. 

Exceptions to normal or expected conditions can also be noted and are stored with the data. 

Examples would be dirt or water on the road surface, or actual distances or surfaces that 

are different from those registered in the Road Data Bank. 

I System Power 

The system is normally powered by a 1-kW alternator mounted on the engine, but for those 

situations requiring higher auxiliary power inside the van (e.g., a video system or an extra 

air conditioner), the system can be powered by a remote-controlled 4-kW generator 

mounted in the back of the vehicle. 



2.4 Signal Processing Computer (SPC) Cards 

The values coming from the LRFs are processed in various ways before reaching their 

ultimate destination, the on-board supervisory computer. Most of the processing occurs in 

the Signal Processing Computer (SPC) cards. 

In the standard configuration, there are seven SPC cards (numbered 1-6 and 8; SPC 7 is a 

special card used for corner cracking) and a special processing card for distance and speed 

calculations. All SPC cards have the same general hardware configuration with the 

exception of the rut depth SPC card, which processes parallel data from all 11 LRFs. This 

standardization of the signal processing modules makes maintenance easy and allows for 

flexibility of function (i.e., simpler customization of the hardware). Specific functions are 

determined by on-board firmware (programmable read-only memory or PROMs) that are 

programmed to accomplish desired tasks. Although not as flexible as the higher-level 

processing functions, the SPC card PROMs can be re-programmed relatively easily to 

accommodate desired modifications in low-level processing. 

The software on each SPC card is different, making it possible for cracks, texture, and 

roughness to be calculated from the same signal, for example. In addition, each SPC card 

can also act on multiple signal sources. Two examples of this are (1) an SPC card used in 

detecting cracks receives signals from two LRFs in order to detect transverse cracks, and 

(2) an unevenness SPC card processes signals from an LRF and an accelerometer. Figure 

2.5 shows an additional SPC and accelerometer, which give the Laser RST the capability 

to measure unevenness in both wheelpaths. 

SPC cards 1 and 2, with input from four LRFs (two channels per card), are used for crack 

detection, while macro- and megatexture measurements are processed by SPC cards 3 and 

4 with inputs from two LRFs (one channel per card). SPC cards 5 and 8 are used for 

unevenness. Each uses the input from one LRF together with input from an accelerometer 

to determine the IRI (quarter-car method), the RMS of various wavelength bands of the 

longitudinal profile, and the Mays Ride Meter Index. 

Rut depth is calculated somewhat differently. Before rut depth measurements are deter-

mined by the rut depth SPC card (6), mean values over a specific length of time are 

calculated by processing modules called Receiving Averaging (RA) cards. This low-pass 

filtering or averaging prevents cracks, holes, loose stones, etc., from influencing the values 

that are to used to determine rut depth. Three RA cards are used for all 11 LRFs (maximum 

of four channels per card), and the value from each unit can be read in parallel format on 

high-speed data buss by the rut depth SPC card. 

The distance pulse transducer (Figure 2.11) feeds pulses proportional to the rate of distance 

travelled into a special processing card (the distance/speed card) which then derives the 

total distance travelled and the speed. This device generates interrupts for the supervisory 

computer at a preset interval length. The supervisory computer can thus determine when 

it is time to gather information from the SPC cards (this is adjustable but is typically done 

every 20 meters). The wheel pulse transducer also supplies each SPC card with pulses. The 

cards need this information about the distance travelled in order to perform various signal 

processing tasks. 



Figure 2.11. Road distance transmitter (pulse transducer). 

2.5 The Driver/Operator 

An extremely important part of the Laser RST system is the driver/operator. The Laser 

RST can be driven and operated by only one person, but when the node signalling system 

(Chapter 4) is used, an additional person is required to listen to the proper node signal and 

to verify the location; the rest of the data collection is fully automated. This second crew 

member also operates the supervisory computer. Most of the time, a two-man crew is used, 

but a third person, a representative of the local road authority who is familiar with the road 

network to be measured, is often added to the crew. Those applications requiring a large 

amount of subjective data input may also need to add a third crew member solely for this 

function (currently the norm in the United States). 

A special training course has been developed to instruct the driver in these areas: 

• the role of the RST driver, including responsibilities and limitations 

• development of the necessary driving skill, involving training in maneuvering on 

test tracks and video recording the lateral position of the measurement vehicle (from 

a follower car) to facilitate learning how to drive with respect to ruts (Figure 2.12) 

• how to drive the Laser RST to obtain an optimal survey 

• how to calibrate the LRFs 

• how to perform routine maintenance of the measurement system and vehicle 

• how to determine if a system component is not functioning properly 

• where and how to find experts when information on special service questions or 

problems is needed 

Currently, drivers perform a static LRF calibration (using a calibration bar) and infrequent-

ly need to verify the dynamic response of the LRFs (using a dynamic calibrator). In the 



future, devices for simulating different controls for and data from the processing devices 

and transducers will be used for active servicing. These will also be a part of the hardware 

complement of the Laser RST vehicle, supported by the software in the supervisory 

computer. The driver may then use this equipment to diagnose problems in the field and 

to insure proper equipment functioning. Since the system is highly modular, field repair 

is also possible, using the spare modules carried in each van. 

Figure 2.12. Course for drivers. 

2.6 Data Input and Management 

WJTWM Data Storage and Analysis 

As mentioned previously, all processed data are stored on 31^-in microfloppy disks, each 

with a storage capacity of 720 Kbytes. The data are saved as ASCII text, without labels, and 

with spaces as delimiters. This allows one to present the results easily to different customers 

in their own formats. 

After measurements are completed and while the crew is still in the field, software utilities 

can be run to check for data integrity. Various utility programs are available that allow one 

to determine if all data is physically present on the disk and if the data seems reasonable. 

Specifically, these programs: 

• check that all mean and object reports are in the data files; 

• perform correlations between various runs and variables; 

• generate line charts of various runs or variables that track changes over time and 

allow one to see if all values look reasonable; and 

• allow information about a single variable in an entire data file to be viewed all at 

once. 

The verified data is already in the form of data statistics, suitable for use in a PMS or 

statistical database. The format of the data on the disks can be customized to meet most 

data processing system requirements. The modular nature of the software has proven itself 

in interfacing to a wide variety of PMS's and databases in many other countries. 

For example, in Sweden all processing is done under contract to RST Sweden AB, a 

company partially owned by the Swedish National Road Administration. The copied disks 



from the vans are taken to the central RST office for final processing on the main RST 

computer, and the integrity of the data is checked once again. The results are analyzed 

together with other traffic data, and a week after measurement, they are sent to the 

customer, the Swedish Road Administration, for inclusion in the Road Data Bank (Chapter 4). 

Because all software is on floppy disk, the presentation of the measured variables can be 

adapted easily for different purposes including the customer's needs. This is done simply 

by inserting a different program disk into the supervisory computer. The exact use to which 

the Laser RST will be put, then, depends on the software, which can be changed easily. 

It should also be noted that data transfer between various systems is relatively straightfor-

ward through the use of human-readable ASCII data format. Protocol transfer via serial 

ports has been implemented successfully. The KERMIT transfer protocol (a public-domain 

program found on many different machines) is used to control the transfer. It is also 

possible to convert the HP-IPC 3V2-in UNIX format disks to IBM PC 31/2-in 720-Kbyte 

MSDOS format disks. The supervisory computer handles this conversion directly. 

EE3 Videologging 

Videologging and photologging of roadways are oft-mentioned capabilities of integrated 

measurement devices. The Japanese PASCO and the French GERPHO systems use primari-

ly photologging, the videologging PCES system in the U.S. incorporates an image process-

ing capability, and the Canadian ARAN system uses videologging. 

Pictures are often a very good complement to measured objective data. When videologging 

is done, an image database of the road and road surface is created. This visual information 

can then be used to evaluate the quality of road markings, to aid in the placement of road 

signs where visibility will be optimal, to inspect road surroundings, to detect distresses in 

the road surface, and to assist in the interpretation of Laser RST data at a time removed 

from the actual measurement. These different uses of videologging require different image 

qualities, but all require a good identification system. The video cameras need to be 

waterproof, built for industrial use, capable of adjusting to low light, and remote control-

led. They must also have a high-speed shutter of up to 1 /10,000's, high resolution, and a 

DC power supply. 

The most difficult task is to collect images for surface distress analysis. The camera must 

be mounted close to the surface for the proper resolution, and this limits the covered area. 

One solution is to use two or more cameras; another is to repeat the videologging. (See 

Chapter 6 for more information on surface distress analysis.) 

A real-time videologging system has been developed for the Laser RST and is called the 

Video RST (V-RST); its basic layout is depicted in Figure 2.13. Figure 2.14 shows two 

cameras used in the system, and Figure 2.15 shows the video equipment inside the Laser 

RST. The camera for videologging road surroundings is mounted on the roof of the van. 

The system records the road surface, road, and road environment together with text 

information such as identification, distance and results from the Laser RST. The pictures 

are stored in S-VHS format, and each picture consists of four equally sized windows (Figure 

2.16). The first window contains text information (e.g, date, time, road number, lane, cross 

sections, direction, distance) and real-time information from the Laser RST (e.g., rut depth 

and unevenness). The second window shows the road and its surroundings, and the third 



and fourth windows show parts of the lane surface. In order to record the road surface in 

windows 3 and 4 at high travelling speed, special CCD cameras with high-speed shutters 

(1/10,000's) are used (Sjogren, 1990). 
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Figure 2.13. Layout of the videologging system, V-RST. 

Figure 2.14. Two cameras used in the videologging system, mounted on the back of the 
Laser RST. 



Figure 2.15. The video equipment (inside the Laser RST van) used in the videologging 
system. 

Figure 2.16. The output picture (the four windows) from the V-RST. 

(221 Report Variables 

It is possible to configure the measurement control program in the supervisory computer 

to meet the needs of specific custom ers. An example printout of a 20-meter section is shown 

in Figure 2.17. 

The software measurement configuration programs allow one to specify exactly how the 

measurements should be carried out. The system needs to be configured only once; 

changes made in the configuration remain in effect until they are changed again. Each 

parameter that is measured has an associated editor that allows the user to configure the 



Ml 

** Mean Report: e4rut mean 
** 

Measured: Mar. 26, 1991 13:24:19 

From Node Point 0854A119.03 Road 0004 Object #1 

To Node Point 0854A119.04 Lane 1 

Distance past start point 60 m 
Size of section measured 20 m 
Amount actually measured 20 m 
Average speed 81 km/h 
IRI 1.03 mm/m 
RMS (0.5 -1.0 m) 0.14 mm 
RMS (1.0-3.0 m) 0.19 mm 
RMS (3.0 - 10.0 m) 0.26 mm 
RMS (10.0-30.0 m) 4.84 mm 
IRI 1.19 mm/m 
RMS (0.5 - 1.0 m) 0.18 mm 
RMS (1.0-3.0 m) 0.23 mm 
RMS (3.0 -10.0 m) 0.42 mm 
RMS (10.0-30.0 m) 3.91 mm 
Hilliness -2.60 Milliradians 
Crossfall 1.23 % 
Curve Radius INFINITY 
Bearing (direction) X = 0.00 Y = 0.00 
Left rut depth 13.1 mm 
Right rut depth 8.0 mm 
Maximum rut depth 13.3 mm 
% Max. Rut Depths > 5.0 mm 100 % 
% Max. Rut Depths > 10.0 mm 87 % 
% Max. Rut Depths > 20.0 mm 0 % 
CRACKS 0 % 
ALLIGATOR 0 % 
(NOT USED) 0 % 
(NOT USED) 0 % 
(NOT USED) 0 % 
DEBRIS ON ROAD OFF 
ROAD WORK OFF 
WET_ROAD OFF 

Megatexture RMS 0.22 mm 
Rough Macrotexture RMS 0.37 mm 
Fine Macrotexture RMS 0.16 mm 
Bleeding (1st Fine Hist) 55 
Megatexture RMS 0.18 mm 
Rough Macrotexture RMS 0.29 mm 
Fine Macrotexture RMS 0.12 mm 
Bleeding (1st Fine Hist) 100 

Crack total 7 
% 1.0 m samples with > 1 0 25 
% 1.0 m samples with > 2 0 0 
Crack total 13 
% 1.0 m samples with > 1 20 10 
% 1.0 m samples with > 2 10 0 

\ 

Figure 2.17. Printout from a survey done in the Linkoping area. Measurements 
are stored every 20 m on computer disks. The variables measured were cross 
profile, rut depth, unevenness (IRI and MO), cracks (4 LRFs), and macrotexture 
(2 LRFs). 

parameter to meet the customer's needs. The following measurement variables can be 

configured by the user: 

• unevenness 

• rut depth 

• cross profile 

• cracking 

• texture 

• subjective inputs 

• road geometry 



It is also possible to configure other components of the Laser RST such as: 

• the printer 

• which hardware is present in the system 

• LRFs 

• measurement control 

In addition to the measurement configurations discussed earlier, it is also possible to select 

the desired report sizes and the contents of these reports. Figure 2.18 is an illustration of a 

description of an entire object (e.g., a road section with a homogeneous asphalt surface). 

The measurement program allows one to organize data based on specific object numbers 

or road-grid node points. If object numbers are used, the numbering can begin at any 

specified number and can either increment or decrement as each object report is generated. 

If a node system is used, then street names or any other identification label can be attached 

to reports. If the size of sections to be measured is known, then the program can be 

instructed to warn the operator that the end of a section is approaching, useful for double 

checking the execution of the data-collection itinerary. This simple node system is quite 

flexible and is being used successfully in Spain and Australia. It has to be pre-programmed. 

A fully automated node identification system is also available and has been implemented 

in Denmark, Finland, and England, in addition to the original system in use in Sweden. To 

show how such a system works , a discussion of the Swedish Nat ional Road 

Administrations' Road Data Bank and node planning network has been included in 

Chapter 4. This node system allows the use of a central database of road section locations, 

lengths, types, etc., to specify exactly what needs to be measured. All pre-planning is done 

with the Road Data Bank, which outputs a detailed data acquisition plan in the form of a 

microfloppy disk. This disk is read directly by the supervisory computer, which then 

determines the section distances, measurement parameters, etc., and properly prompts the 

operator. 

2.7 Maintenance and Calibration 

WWXW Maintenance 

The Laser RST system is an extremely complex measurement system, yet all attempts have 

been made to make it as reliable as possible. However, if a malfunction does occur, the 

highly modular nature of the Laser RST system makes it easy to troubleshoot and repair. 

The capability to simply "swap-out" modules reduces maintenance costs considerably and 

minimizes system downtime as well. 

An analysis of the spare parts needed to maintain the Laser RST has been done, and the 

spare parts have been divided into two categories: those that should be carried in the Laser 

RST and those that should be kept in a central location. Because there is some variation in 

the complexity of the Laser RST components, some can be serviced by a trained RST 

operator in the field, while some require the help of a maintenance expert. 



Example of a printout from the Laser RST 

** Object Report: route66.obj Measured: Nov. 16, 1989 11:32:30 

From Node Point Maple Street Road Route 66 Object #1 

To Node Point Main Street Lane 1 

Distance past start point 0 
Size of section measured 2158 
Amount actually measured 2157 
Average speed 49 

IRI (Right side of lane) 1.28 
RMS (0.5 - 1.0 m) 0.23 
RMS (1.0 -3.0 m) 0.33 
RMS (3.0-13.0 m) 1.01 
RMS (13.0-40.0 m) 4.23 
IRI (left side of lane) 1.19 
RMS (0.5 - 1.0 m) 0.22 
RMS (1.0-3.0 m) 0.29 
RMS (3.0-13.0 m) 0.95 
RMS (13.0-40.0 m) 4.70 

Rut Depth on left of lane 1.4 
Rut Depth on right of lane 1.1 
Rut Depth across whole lane 2.1 
% Rut Depths > 4.0 mm 5 
% Rut Depths > 6.0 mm 1 
% Flut Depths > 15.0 mm 0 

CRACKS 20 
ALLIGATOR 10 
(N0T_USED) 0 
(NOT_USED) 0 
(NOT_USED) 0 

DEBRISONSURFACE ON 
ROAD_WORK OFF 
WET SURFACE OFF 

Mean Profile 
Dev. Profile 

0.0 0.3 0.0 
0.0 0.9 0.9 

0.7 0.3 0.8 0.9 1.5 1.4 
1.0 1.0 1.1 1.2 1.2 1.2 

Mean 
RMS 

0.0 
0.1 

0.1 
0.2 

0.2 
0.4 

0 4 
0.6 

0.6 
0.9 

0.9 
1.3 

1.3 
2.0 

2.0 

Mega 0.23 
Ftough 0.40 0 18 28 42 10 0 0 0 
Fine 0.19 7 68 17 6 0 0 0 0 
Mega 0.23 
Flough 0 42 0 11 30 49 7 0 0 0 
Fine 0 18 4 72 20 2 0 0 0 0 

Crack Width (mm) 

Crack 
Depth 

2.5 6.0 12.0 18.0 Common Density Density 
6.0 12.0 18.0 24.0 100 1/1.0 2/1.0 (%) 

2.0-5.0 
> 5.0 

823 97 11 
9 10 2 218 

A 19 
B: 22 

2.0 - 5.0 
> 5.0 

939 99 17 2 
14 7 4 1 230 

C: 21 
D: 20 

14 
15 

Figure 2.18. Example of a printout from the Laser RST. 

Measurement section identifica-
tion. This feature requires pre-
planning of the measurement. 

Location of this data within the 
measurement section. The 
amount measured as well as the 
size of the report area are given. 
The frequency with which 
reports can be generated is ad-
justable. A report can also be in-
itiated directly by the operator. 

Evenness data. An IRI and 
various RMS values are given 
for each wheel track. The RMS 
wavelengths are adjustable. 

Rut depth data. The three per-
centage values help indicate 
how many extreme rut depths 
were present. 

Subjective evaluation. The in-
formation given is the percent 
of the section for which this con-
dition occurred. 

Measurement qualifiers. These 
items allow the operator to note 
measurement anomalies. 

The mean and standard devia-
. tion of the transformed 
transverse profile. 

Graphic plot of the mean trans-
formed transverse profile (inter-
polated). 

Texture. The RMS for each 
wavelength is calculated every 
meter (or 0.5 meter). The mean 
RMS and a histogram showing 
the percentages of RMS values 
in eight classes are given. The 
top arrow points to the values 
from the left side of the lane 
and the bottom to the values 
from the right side. 

Crack indication. A table of the 
number of cracks within user-
specified widths and depths is 
given. The top half of the table 
describes the left of the lane, 
and the bottom describes the 
right side. The "common" 
values a re the number of cracks 
the cameras on that side of the 
lane sensed within 100 mil-
limeters of each other. The "den-
sity" values tell the percentage 
of 1-meter sections that had 
more than 1 or 2 cracks. "A:" 
refers to laser 2, "B:" to laser 4, 
"C:" to laser 6, and "D:" to 
laser 8. 



A special-purpose tester has been developed that can simulate all Laser RST measure-

ments. This computer, together with special I / O cards, simulates the processing devices 

that send values to the supervisory computer. With this system, the software and hardware 

of the supervisory computer can be tested. If controlled signals are put into the system at 

different levels, it is easy to identify specific problems. 

Hardware and software that simulate the LRFs have also been developed, making it 

possible to check the processing devices. 

The Laser RST system is easy to calibrate. Since all the on-board equipment is solid-state 

and designed for minimum drift with temperature variations, the measurements are stable 

and require practically no warm-up time. There are two types of LRF calibration proce-

dures—static and dynamic. 

For static calibration of the LRFs, a calibration bar, carried on the vehicle's roof, is hung 

from fixtures on the CPS. This provides a stable, level, and known distance from the LRFs 

on the CPS to the bar (Figure 2.19). The use of a calibration bar provides much tighter 

calibration of the LRFs than using the underlying pavement, as is done with many of the 

other profilometer vehicles. A pavement-based calibration procedure necessitates driving 

around until a suitable level pavement surface is found. Using the CPS-hung calibration 

bar means that calibration can take place anywhere in the field. 

Figure 2.19. Calibration of the LRFs. 

Once the calibration bar is in place, the operator runs a program that automatically 

calibrates the LRFs with little operator intervention. The calibration procedure involves 

two different positions of the bar. Thus, not only the accuracy but also the sensitivity is 

checked. The calibration bar is then removed and stored in its carrier. The complete static 

LRF calibration task takes approximately 20 minutes and is normally done everyday before 

measurement begins. 

Field Calibration 



A dynamic LRF test is recommended once every two weeks during measurement sessions. 

In this procedure, the LRFs are tested individually for dynamic performance on a moving 

surface. The surface is a hand-held, rotating, textured test disk similar to the laboratory 

device discussed below. This device verifies each LRF's performance using a dynamic 

surface with known characteristics moving at a known speed. Both the static calibration 

bar and the dynamic test device are supplied with each Laser RST vehicle. 

The only other type of calibration procedure required by the Laser RST is to verify the 

accuracy of the wheel-mounted distance transducer. The computer counts the number of 

pulses as the operator drives over a known distance. This distance value is entered into 

the supervisory computer, which calibrates the distance transducer count. 

The LRFs are extremely important to the road-surface measurement process, and they must 

perform in a well-defined and consistent manner. Measurements are taken at high speeds 

and require a high degree of accuracy, precision, and reliability. Traditional methods to 

check LRFs are static and do not provide enough information. A dynamic test environment 

has been developed at VTI in which the LRFs perform in conditions close to those actually 

encountered on the road. 

When actual road measurements are taken, the LRFs move in a simple linear fashion. 

However, an apparatus in which the LRF moves in a simple linear motion while the 

measuring surface remains stationary would be difficult to build and control. Because of 

the small target spot size of the laser beam, a large-diameter disk rotating at a constant 

angular velocity gives a good approximation of simple linear motion. The LRF testing unit 

(Figure 220) uses such a scheme, employing a turntable with controlled rotational speed. 

Various test disks are mounted on the turntable. The LRF is attached to the testing 

apparatus, and both the horizontal and vertical locations of the LRF are precisely control-

led. The effective tangential velocity of the laser spot relative to the disk surface will vary 

with the distance of the spot from the center of rotation of the disk. For a constant rotational 

speed, the farther out the laser spot toward the disk's rim, the higher the effective linear 

velocity. 

The normal test of an LRF requires that a well-known road sample be measured and the 

RMS value of the macrotexture profile calculated. This is repeated with different distances 

between the test object and LRF, yielding a calibration chart. The x-axis on the chart is the 

LRF Verification Control 

Figure 2.20. Laser test stand. 



distance between the test surface and the laser measurement unit, and the y-axis is the 

RMS-profile value. The ideal chart should look like a straight line parallel to the x-axis, i.e., 

the measured value should not vary significantly with standoff distance. Using the RMS 

texture value makes this a dynamic test of the LRF's functioning, one very close to the 

conditions encountered in actual practice. 

Several standardized test disks have been developed. Along with actual road samples that 

have been glued onto a supporting aluminum disk, there are well-defined artificial disks 

for special tests. Figure 2.21a shows a crack test disk that is smooth except for two "cracks," 

each of which are precision-machined slots of constant width and depth. 

The two cracks, however, are not identical but have different widths and depths. Since the 

turntable rotates at a constant speed and the machined slot is of constant width, the 

measured crack size (the time it takes to traverse from one side of the crack to the other) 

decreases with increasing tangential velocity. The measured depth should remain the same. 

For added control, another disk has been developed in which the machined slot width 

varies linearly with radius (Figure 2.21b). For this disk, at a constant rotation speed, the 

test program should measure a constant crack width independent of radial position of the 

laser spot. 

An actual road sample is used when a new LRF is tested using a test disk similar to the one 

in Figure 2.21c. It should be possible to calibrate the LRF for a specific road surface before 

it is delivered to the user. For this purpose, it is important to use test disks that are as 

identical as possible to an actual road sample and yet are fully standardized. It should also 

be possible to produce copies of the test disks. A method of reproducing test disks is being 

developed; this would make it possible to do castings of road surfaces using silicon rubber. 

The rubber matrices would then become masters from which copies with the same surface 

characteristics could be made. 

Figure 2.21. Test surface disks: (a) variable cracks, (b) constant cracks, and 
(c) road sample. 

2.8 Documentation 

Manuals for the use of the Laser RST provide more in-depth coverage of the Laser RST 

system than this document. They include a basic introduction to the Laser RST, its design, 

use, maintenance, and extensive information on problem detection, prevention, and 

correction. 



3; Algorithms 

3.1 Summary 

Chapter 2 described the Laser RST's individual components and their functions. This 

chapter looks at how these components have been integrated into a system that provides 

reliable and precise information about the road surface. To ascertain the measurement of 

each road surface characteristic (variable) for a given distance, raw data from the system's 

hardware (e.g., the LRFs) must be received and processed. Different types of raw data are 

utilized for each variable, and data is also processed differently; this chapter explains in 

some detail how this is done. There is also information about the reliability of measure-

ments from the Laser RST and about algorithm accuracy and repeatability. 

3.2 Longitudinal Profile/Road Unevenness 

Longitudinal profile can be defined as variations in the relative height of the road surface 

in a longitudinal direction, i.e., in the direction of vehicular travel. Longitudinal profile is 

also referred to as road unevenness. 

The Laser RST's method of measuring the longitudinal road profile is similar to that used 

in many other profilometers, but is best exemplified by the General Motors (GM) 

profilometer, developed by E.B. Spangler and W.J. Kelly at the General Motors Research 

Laboratories (USA). This method uses a frame-mounted measurement device to determine 

the distance from the vehicle frame to the road surface continuously. (The original GM 

profilometer used a fifth-wheel contact sensor.) This measured distance consists of two 

components: (1) the vertical excursions of the road's surface (about a static standoff value), 

and (2) the vertical motions of the vehicle itself. An accelerometer mounted near the 

pavement-frame distance measuring device is used to sense this second component (the 

vertical acceleration of the vehicle frame). This displacement, when subtracted from the 

measured pavement-frame distance, leaves the vertical excursions of the road surface, 

which then constitute the longitudinal road profile. 

Road undulation frequencies are measured over a total frequency range; at the low end, 

these are determined by the accelerometer response characteristics, and at the high end by 

the distance measuring sensor. There is, however, a limit on long wavelengths, which 

means that geographic features with relatively constant slopes (e.g., hills and valleys) are 

excluded from the profile. This is a significant problem with this method because the true 



profile of a road (measured on a scale of absolute elevation) includes these features; thus, 

the profile from the GM profilometer cannot be compared directly to the true profile in a 

meaningful way. Other profilometers have been designed to capture different wavelength 

ranges, and some, like the Laser RST, allow the choice of the wavelength band. 

A high-pass filter, which removes the effects of steady-state (DC) offset, is required in the 

low-frequency range because of the accelerometer's basic noise characteristics and the 

integration process. However, since the spatial frequency content of the road profile, as 

sensed by the measurement vehicle, varies in proportion to vehicular velocity, the use of 

a fixed-frequency time-domain filter causes the measured profile to vary as a function of 

vehicular speed. One modification that has been tried uses a variable filter whose value 

can be set prior to measurement, depending on the desired measurement speed. Unfor-

tunately, this system still requires that the vehicle maintain a constant speed during the 

measurement process. 

Spangler's patent describes a modification in which the sampling of the distance to the 

pavement is done at constant longitudinal distance increments, so that the filter's cutoff 

value is no longer in the time domain (and hence velocity dependent) but is solely in the 

spatial domain (longitudinal displacement). This spatial-domain filter remains fixed 

during the measurement cycle (defined by a fixed distance), regardless of vehicular 

velocity and / or changes in vehicular velocity. 

The Laser RST method of measuring the longitudinal profile (Sayers, 1985a) does not use 

the distance to the pavement, but instead uses the rate of change of the pavement surface, 

i.e., the profile slope. Hence, the accelerometer signal must be integrated only once to yield 

the rate of change (vertical velocity) of the vehicle frame before subtraction from the 

vertical velocity (slope) of the road. Finally, the elevation profile is found by integrating 

the slope profile. This two-step integration system improves the overall system response. 

Furthermore, calculations are made in the time domain, so the required high-pass filter is 

now also in the time domain, its value adaptively set by vehicular speed. The time-domain 

profile is then converted to space domain by division with measurement speed, and 

equidistant samples are obtained by interpolation. The result is a measurement process 

that is simpler and, due to a very high sampling rate, more accurate. It can, however, be 

affected by high levels of acceleration or deceleration, but the Laser RST algorithm has a 

built-in threshold to reject such data. Errors due to lower levels of acceleration or decelera-

tion are compensated for (Figure 3.1). 

Acceleration and Deceleration 
(Braking) Correction 

Deceleration 

Figure 3.1. Compensating for the influence of acceleration and deceleration. 



Unevenness is measured independently in each wheel track. One LRF, one accelerometer, 

and one SPC give several profile and unevenness measurements for each wheelpath. The 

unevenness measurements are carried out by firmware that is resident on the SPCs (Figure 

32). The type of firmware installed on the SPC, together with the software setting on the 

supervisory computer, determines the type of unevenness measurements provided by the 

Laser RST. 

Accelerometer 
Wheel pulse 
transducer 

High-pass filter 

d/dt } z(t) 
m- 1/v 

Interpolation High-pass filter 
z(s) 

/ 
Measured 

longitudinal 
road profile z(s) 

Road surface 

Figure 3.2. SPC computation of the unevenness variables. 

Figure 3.3 shows a comparison between a longitudinal profile as measured by the (1) 

Dipstick, (2) rod and level, and (3) Laser RST. The Dipstick is an instrument that measures 

the inclination of the road surface at 0.3-m intervals. It is operated manually and is thus 

very slow. Its standard output is the IRI numeric (described below). The processing of the 

profile is a very laborious procedure, but, like the rod and level method, it is very accurate. 

As can be seen, the agreement between the three methods is very good. 

Currently, three basic unevenness indices can be implemented in the Laser RST: 

• IRI 

• RMS values at various wavelengths (and any combination of RMS wavelength 

bands, e.g., the French Unevenness Index uses RMS values from three wavelength 

bands) 

• MO 

These indices can be combined in several different measurement suites, although not all 

possible combinations can be measured at once. Also, using empirically derived correla-

tions, a great many other types of unevenness indices can be calculated from these RMS. 

The RMS (and other unevenness values) are calculated every meter. The mean of these 

RMS values is then calculated over a user-defined interval (e.g., every 20 m), printed out 

in the van, and stored on floppy disk. 
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Figure 3.3. Comparison of longitudinal profiles as measured by the (1) Dipstick, (2) rod and level, 
and (3) Laser RST. 

The basic longitudinal profile measure, the RMS value of the vertical displacement of the 

road, is the normal default output for unevenness. This is a summary statistic of the "raw" 

profile data and does not include the effects of vehicular dynamics necessary for a true 

ride-quality measure. Still, it can be of some use in determining pavement quality when 

RMS values are given for different wavelength bands. 

Some types of changes in the amplitude values at certain wavelengths probably indicate 

bearing capacity problems. It is speculated that the condition of the road structure near the 

surface (the upper subgrades) can be determined by the shorter wavelengths. Deeper 

structural problems are indicated by the longer wavelengths. Three or more parallel 

longitudinal profiles are needed to describe how the changes are situated in relation to the 

roadside. The wavelengths considered for the various RMS values are user-definable. 

For decades, unevenness has been measured by a traversing vehicle. The U.S. Bureau of 

Public Roads (BPR) single-wheeled roughometer in 1941 was perhaps the first attempt to 

standardize the measurement vehicle. This roughometer consisted essentially of one wheel 

of a passenger car and its associated spring and damper (a quarter of a car). Displacement 

of the wheel with respect to the frame was recorded as vertical motion and was accumu-

lated by an integrator. The unevenness index was the accumulation of the displacement 

over a distance interval divided by the length of this interval. 

Root Mean Square (RMS) 

International Roughness Index (IRI) 



Since 1941, various types of measuring devices have been developed for use in passenger 

cars and towed trailers (e.g., the Mays ride meter, PCA road meter, Cox meter, NAASRA 

roughness meter, and bump integrator). The dynamic behavior of the BPR Roughometer 

and the various passenger cars differ because their masses and spring and damping 

constants are not the same. Therefore, unevenness measures obtained by different instru-

ments have not been directly comparable. More recently, with the development of high-

speed profilometers such as the Laser RST, simulations of the BPR roughometer have been 

incorporated. Simulations of passenger cars have also been developed to replicate the 

measurements of other roadmeter systems. 

Some of these vehicle simulations are known as quarter-car simulations because they 

represent only one quarter of a vehicle (ostensibly a front wheel). They use a simplified 

system consisting of a sprung mass (the mass of a quarter of an "ideal" car), connected to 

an "unsprung" mass (the axle and wheel) via a linear spring (suspension) and linear 

damper (shock absorber); the tire is represented as a linear spring. The dynamic equations 

for these elements form a system of equations that are solved for the road profile as input 

to the system (at the bottom of the "tire spring"). The resulting time-varying vertical motion 

of the axle with respect to the sprung mass is then calculated and accumulated. This is 

analogous to the measurement obtained from a roadmeter. The final value in m / k m 

(meters of suspension stroke per km of travel) is the final measure of unevenness. 

In 1982 the International Road Roughness Experiment (IRRE) in Brazil standardized a 

calibration methodology using a standardized reference quarter-car simulation (RQCS). 

The IRRE defined an International Roughness Index (IRI) adopting the QCS used in the 

National Coordinated Highway Research Program (NCHRP) study as the basis and 

standardized the simulated vehicle speed at 80 k m / h and the single wheelpath for 

computation (Sayers et al., 1986a). Figure 3.4 shows a schematic description of a quarter-car 

simulator with the numeric value standardized for IRI given (upper part of the figure) and 

the frequency response of the simulator (lower part). The figure also illustrates that input 

profile is smoothed by a moving averaging filter with the baselength b (250 mm). The 

purpose of this procedure is to simulate the tire enveloping effect. Today, this method of 

calculating the unevenness index from a quarter-car simulation has been adopted by most 

practitioners throughout the world. 

The Laser RST measures unevenness in both wheelpaths independently, generating IRI 

measures for each rut. In addition, it is possible to compute the mean value of the two 

profiles and, by using this mean profile as the input to the quarter-car simulator, to calculate 

a "half-car index" (which can be output if requested by the user). Although the IRI standard 

includes a specified speed for simulation, it is in reality a constant transform of the profile 

and therefore independent of measurement speed. The Laser RST algorithm allows the 

profile to be measured not only at any speed, but also at varying speeds, without significant 

effect on its measurement of IRI. Figure 3.5 shows that heavy acceleration and retardation 

(slope of upper curves) have a negligible effect on the IRI measure (lower curves) and that 

to some extent speed (in the latter half of the test section) also has a negligible effect. In 

addition, this figure also shows good agreement between IRI values obtained by the Laser 

RST and those obtained by the rod and level method (Palmkvist & Magnusson, 1991). 
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Figure 3.4. The quarter-car simulator (Sayers, 1985b). 
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Figure 3.5. Graph showing the effects of varying the Laser RST survey speed 
(top two curves) on the measured IRI (bottom two curves). 



MO 

A second approach to deriving an unevenness index from the profile data only was 

developed by Hudson et al. (1985) in the USA. To obtain profile data, Hudson used the 

Mays meter, a simple photoelectric device that measures the number and magnitude of 

vertical deviations between the body of an automobile and the center of the rear axle 

(similar to the BPR Roughometer). The output of the meter is given as the accumulated 

vertical motion per longitudinal displacement (usually in in/mile). 

Hudson performed a simple analysis of the profile data and produced an index that 

correlated with roadmeter systems. The index is called the MO Index but is also sometimes 

referred to as the Texas MO Index because it was developed in Texas. The MO index is 

based on RMS vertical acceleration (RMSVA) and is illustrated in Figure 3.6. 

The basis of the MO Index is that unevenness should be derived from the geometrical 

properties of the road profile and then empirically linked to other unevenness-related 

measures. The advantage of this approach is that the unevenness index is uniquely defined 

by the road surface. It should, however, be noted that MO is defined only by correlation 

with a mechanical device, the Mays Ride Meter Trailer in Texas, and is not a fundamental 

profile characteristic. It should also be noted that it does not recognize that the effects of 

unevenness on vehicles are dependent on speed and, in contrast to IRI, does not take 

vehicular dynamics into account. 

Figure 3.7, which depicts the modus operandi of a rolling straight edge, gives its output, 

the Mid Chord Deviation MCDX, as 

Furthermore, from the profile data, a slope (S3) over a chosen baselength B can be calculated 

followed by a second slope calculation (S2) over the next baselength interval B. 

y(x) 

MCD (x ) - [y (x + B) + y (x - B)] / 2-y (x ) 

VA m 2 MCD {x ) / B2 

RMSVA 

Figure 3.6. Calculation of the RMS vertical acceleration 
(RMSVA). 

MCDX - [y(x+B) + y(x -B) )
 / 2-1/x - []/(,+£!) + V(X-B) -
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s2 - [ y<~B) - y* ] / b 



The change of slope (S2-S3) over the baselength B gives an approximation of the second 

derivative of the profile (W4). 

( s 2 - S 1 ) / B = [ y ( x + B ) - y x - y x + y ( X - B ) ] / b 2 = 

= [ y(x+B) + y{x-B) -2 y x ] / b2 

This variable will approach the true vertical acceleration of the profile as the baselength B 
approaches zero (Sayers et al., 1986b). 

The following relationship thus exists between 144 and MCDX. 

2 • MCDX VA - =—-
B2 

With RMSVA as the RMS value of VA, it can thus be seen that a rolling straightedge can be 

used to measure the RMSVA statistics of the profile. 

However, because VA is extremely sensitive to the harmonics of the profile wave number, 

the MO Index is defined as the weighted sum of twoRMSVA's with baselengths of 1.2 and 

4.9 m. Note that RMSVA is not the acceleration (motion) of the road surface but instead the 

acceleration of the profile as seen by a rolling straightedge. 

M O - 20 + 23 R M S V ^ 1 2 + 58 RMSVAa9 

where the subscripts define the baselengths used. 

In summary, the Laser RST provides not one but several measures of unevenness, because 

each is more appropriate for specific needs. The IRI is the measurement most closely related 

to the definition of road unevenness (roughness) in ASTM E867-89 because it represents 

the impact of the profile on moving vehicles. Some agencies prefer the MO for monitoring 

road conditions because it is a 2-track measure that more closely resembles the common 

vehicle-mounted roadmeter with centrally-mounted sensor. However, the average of the 

two wheeltrack IRI values is most representative of the impact of vehicle wear, handling 

and riding comfort. 



3.3 Cross Profile and Rut Depth 

Cross profile can be defined as variations in the relative height of the road surface in a 

lateral direction, i.e., across the road. Nearly all cross profile variations are found in the 

wheelpaths and are due to the abrasive action of tires, especially studded tires, and plastic 

deformation caused by heavy vehicles; this is called "rutting." 

Cross profile measurements are carried out by resident firmware on an SPC. To determine 

the cross profile of the pavement, the Laser RST system samples the distance from the van 

platform to 11 points on the pavement at a minimum rate of 16,000 samples/sec. A 

maximum road width of 32 m is covered (the two outer LRFs are angled outward, so that 

coverage exceeds the 2.5-m width of the CPS). On narrow roads, one or more of the outer 

LRFs are turned off to avoid measuring outside the road edge. 

An averaging process combines measurements from each LRF into a single mean profile 

value for each of the 11 pavement points. At the maximum survey speed of 90 k m / h , this 

corresponds roughly to an averaged profile measurement for every 100 mm of pavement. 

The averaging process within this 100-mm interval improves the accuracy of global 

measures of pavement characteristics, such as rut depth, by reducing measurement noise 
. 

variance. 

Laser RST's Cross Profile Measurements Compared to 
Stationary Methods 

Calculating a cross profile every 10 cm provides a high degree of accuracy and repeatability 

for cross profile-dependent measurements, such as rut depth. Figure 3.8 shows the basic 

accuracy of the Laser RST's cross profile measurement capability compared to more 

traditional stationary (manual) methods. However, several things, described below, 

should be kept in mind when comparing high-speed profile measurements with stationary 

measurements. 
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Figure 3.8. Lateral measurement validity. The drawn line represents the "Primal," a slow, highly 
accurate laser-steered mechanical unit, and the dots represent another mechanical device, the 
standard straightedge. The open circles represent the Laser RST. The results generally show good 
agreement between the Laser RST and the other two manual measurement devices. 



The Laser RST's normal cross profile measurement is a mean value from a specified length 

of road while measurements from a stationary device (e.g., Primal or straightedge) are 

point measurements and are often made where deep ruts have been visually detected. 

Therefore, stationary measurements very often give deeper rut measures than the non-sta-

tionary cross profile measurements from the Laser RST. 

A second reason for the difference between stationary and non-stationary cross profiles is, 

due to the LRF's very small spot size, the LRF sometimes hits the peaks of the texture profile 

and sometimes the valleys. Because the recorded LRF output is the average of all readings 

over 100 mm (at 90 km/h) , the output is the distance from the CPS to a mean surface 

between the peaks and the valleys of the texture profile. The stationary devices, on the 

other hand, measure the peaks of the texture. This is also true for ultrasonic devices, which 

emit a comparatively wide sound "beam" and record the distance to the highest point 

within the area hit by the beam. 

With a uniformly textured surface, this does not cause any problems. However, when the 

measurements are taken, for example, of an originally coarse-textured surface in which the 

bottoms of the ruts have become fine textured due to the polishing effects of tires, the Laser 

RST will give slightly shallower rut measurements than stationary or ultrasonic methods. 

Finally, in the case of a straightedge, the measurement of rut depth depends on the length 

of the straightedge. Because the measurement width of the Laser RST is 3 2 m, measure-

ments from a straightedge of the same length give the best agreement. Although it is 

possible to turn off one or more LRFs at the ends of the CPS when measuring narrow roads, 

future developments of the Laser RST will base rut depth measurements on different 

measurement widths and will be continuously calculated. The rut depth value to be stored 

will be determined by information about the actual width of the road. 

grJEJEJ Calculation of Rut Depth 

In most cases, the general shape of the cross profile is the one shown in Figure 3.8, i.e., there 

are two distinguishable ruts. The ridge separating the ruts may or may not exceed the line 

connecting the end points of the profile. In some cases, however, the ridge has disappeared, 

leaving a cross profile with just one wide depression. 

For each calculated cross profile, the rut depth is determined using the so-called wire-sur-

face principle (Figure 3.9). The depths of ruts on the left and right sides of the lane as well 

as the depth of the deepest of the two ruts are calculated. 

Several user-defined settings in the supervisory computer determine which rut depth 

statistics will be calculated from the cross profile elevation data. For example, the mean 

value of the rut depths calculated from individual cross profiles, as defined above, can be 

given over a distance chosen by the user, normally 20 m. In addition, the percentage of 

individual rut depth measurements exceeding a specified depth limit can be output for up 

to three depth limits as specified by the user. It is also possible to specify: 

• the test limits for the three percentage values 

• how often a test limit is exceeded 

• how many outer LRFs to turn off on narrow roads 



Figure 3.9. Determination of the rut depth using the wire-surface 
method. 

Although the Laser RST vehicles currently use 11 LRFs, rut depth firmware and software 

will work with between 3 and 13 LRFs. It should finally be noted that the lateral position 

of the LRFs relative to the ruts is crucial and may result in measurement errors if the bottom 

of the ruts are not flat. Normally, however, this requirement is automatically fulfilled as 

the distance between LRFs 2 and 8 is adjusted to the normal track width of passengers cars 

(Figure 3.10). When rutting is the result of plastic deformation due to heavy vehicles 

operating during warm weather conditions, the wider track is measured by LRFs 1 and 9. 

Normally, measurement error is very small, but on certain roads, e.g., motorways with very 

deep and steep ruts, rut bottoms vary, and the error may be significant. Nevertheless, rut 

depth measurement using the Laser RST shows a high degree of repeatability (Figure 3.11). 

Bearing capacity produces //Ay 
variations in wheel tracks J f u 

depending on vehicular weight \j til 
jJWJ 

• LRFs 2 & 8 D 

Studded tires produce 
homogeneous wheel tracks 

equal to vehicular width 

• LRFs 1 & 9 • 

Heat produces relatively 
homogeneous wheel tracks 

depending on vehicular width 

Figure 3.10. Rut depth measurements of different track widths. 



Figure 3.11. Rut depth repeatability. Two Laser RST's are compared with one another. The Laser 
RST 1 was of the old type with a measurement width of 3.1 m, and the Laser RST 2 had a 
measurement width of 3.2 m. The reliability of the Laser RST2 was 0.98. 

However, not only rut depth but also the entire cross profile is recorded from the measure-

ment. A mean cross profile over a road length chosen by the user is thus calculated from 

the individual cross profiles mentioned above. This mean cross profile may also be used 

for the calculation of another rut depth measure, which can be compared with the rut 

depths calculated in accordance with the procedure described above. The difference is 

normally small and can be used as a calculation control. 

3.4 Texture 

Texture can be defined as pavement surface deviations from a true planar surface that are 

less than or equal to 0.5 m. Texture is categorized as micro-, macro-, and megatexture 

(PIARC, 1987). These categories are illustrated in Figure 3.12. 

Microtexture is a global feature that involves the smallest wavelengths. It can be defined as 

surface irregularities of the individual components of the road surface, e.g., the stones used 

in the pavement mix. For example, a high degree of polishing of the aggregate stones in 

the road's surface yields very low readings of microtexture. Sharp surface irregularities in 

the aggregate particles (or in the bituminous mortar or cement mortar that binds these 

particles) yields higher amplitude values at these very short wavelengths. Microtexture is 

thought to be particularly important in indicating the skid resistance (friction) of a road's 

surface—too much polishing of the aggregate stones lowers the surface friction. 

Macrotexture involves much longer wavelengths, those from aggregate size up to 50 mm. 

It has to do primarily with grooves, vertical and lateral drainage capacity, and surface 

aggregates (particle size, arrangement, density, and distribution). Macrotexture influences 

many aspects of road performance. The measurement of macrotexture can enable the 
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Figure 3.12. Texture ranges and their effects (after PIARC, 1987). 

control and prediction of many parameters related to road, tire, vehicular, and driver 

performance. 

A new term, megatexture, has recently been discussed as being a part of unevenness, but at 

present there is no generally accepted definition. This term attempts to address aspects of 

road surface characteristics that are repetitive at wavelengths of up to 0.5 m. Events at these 

longer wavelengths that do not tend to be repetitive (periodic or stationary stochastic) are 

more appropriately handled as local features, even over sizeable stretches of pavement. 

Potholes are a good example of this. 

The resolution required for the measurement of macrotexture is much tighter than for rut 

depth. Surface macrotexture can be considered either a local (such as spalling) or a global 

feature (general pavement texture). As such, it must be sampled at a high enough rate to 

capture its smallest features while also summarizing output as a global pavement charac-

teristic. Hence, unlike the ensemble averaging used for cross profiles, texture (and crack-

ing) measurements use the individual sample points from the lasers. 

In the Laser RST, an RMS value is calculated every 0.1 m for each of three measurement 

ranges, and mean values for a road section are then output. "Fine" macrotexture covers 

wavelengths from 1 to 10 mm, "rough" macrotexture covers the part of the pavement 

profile from 10 to 100 mm, and "megatexture" covers wavelengths from 100 mm to 500 

mm. However, at speeds higher than 40 km/h , background noise raises the effective lower 

wavelength limits (for fine macrotexture). At 100 km/h , it is around 6 mm. In addition, 

there is no compensation for the short wavelength roll-off due to the bandpass charac-

teristics of the LRFs and the laser spot size. So, at speeds above 40 k m / h the wavelengths 

of 2-6 mm will not be correctly analyzed. Statistically, when evaluated over at least 0.5 m 

of road length, a surface covered by stones with a diameter of 1 mm will certainly produce 

a lower RMS value than a surface covered by 2-mm stones. 



Efforts are currently underway to increase the system bandwidth which should rectify this 

and also allow the measurement of pavement microtexture. Initial tests using new statis-

tical fil ters show good (95 percent) confidence intervals on macrotextures with 

wavelengths of less than 1.5 mm. The tradeoff is a requirement for longer intervals for the 

calculation of the RMS value (1 m instead of 0.1 m). 

Currently, texture is measured using two 32 kHz LRFs. In the future, this will be doubled 

to four measurement points, also allowing the examination of texture variations over the 

width of the road. If only two texture profiles are obtained, the sampling should include 

one wheelpath and one track between the ruts (currently the case). However, this can be 

individually configured for the user. 

Texture measurements are carried out by firmware that is resident on SPC 3 and SPC 4. 

Currently, there are three basic types of texture measurements possible in the Laser RST, 

with the measurement at each waveband given either as an RMS value or as a histogram 

distribution of values (Table 3.1). In the wavelength column, 10 kHz indicates that the 

shortest measurable wavelength depends on the measurement speed. For example, at 70 

km/h , the shortest wavelength is about 0.002 m. 

Table 3.1. Categories of texture measurements. 

Type Wavelength Measurement Format 

Megatexture 0.1 m - 0.5 m Mean RMS 

Rough macrotexture 0.01 m - 0.1 m Mean RMS and 8-Category Histogram 

Fine macrotexture 10 kHz-0.01 m Mean RMS and 8-Category Histogram 

Again, some constraints exist as to how many reported values there will be and what form 

they will take. For example, hardware limitations prohibit reporting both RMS values and 

a 10-level histogram for all three texture bands simultaneously. However, one possibility 

is illustrated in Table 3.2. 

Table 3.2. Macrotexture output from the Laser RST. 

LRF 
Category 

TMB 
RMS 

0.0-
0.2 

0.2-
0.3 

0.3-
0.4 

0.4-
0.6 

0.6-
0.9 

0.9-
1.3 

1.3-
2.0 

2.0-
3.0 

3.0-
5.0 

5.0 
(mm) 

M1: rough 0.61 0 0 8 55 31 5 1 0 0 0 

fine 0.32 0 35 61 5 0 0 0 0 0 0 

M4: rough 0.83 0 0 2 30 37 26 6 0 0 0 

fine 0.66 0 0 0 59 31 8 2 0 0 0 

This table shows a ten-level RMS cnnplitude value histogram for two different wai^elength 

bands (rough and fine). M2 and M4 refer to the specific LRFs, and "rough" and "fine" refer 

to the type (wavelength) of macrotexture considered. The ten amplitude categories are 

given in millimeter-displacement units. The information provided is the percentage of the 

road surface with a macrotexture within that range of amplitude. For example, the table 

shows that 35 percent of the road surface "fine" macrotexture measured by LRF 1 was 



between 0.2 and 0.3 millimeters in amplitude. These histogram categories are user-

definable. 

The change of the RMS value for macrotexture over time generally follows the curve shown 

in Figure 3.13. From the initial level, the RMS value gradually drops to a minimum level, 

due to wear. It then rises again because surface stones have loosened and have been thrown 

off the road by traffic. This point in the texture evaluation history is usually a warning that 

the need for resurfacing is becoming imminent. In addition, information about changes in 

texture distribution over time can assist in planning rehabilitation work. A newly laid 

surface should have a texture distribution similar to that shown in Figure 3.14, while a 

worn or bleeding surface may show two maxima where the position of the maxima may 

show the type of deficiency. 

Figure 3.13. Changes in macrotexture over time. 
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Figure 3.14. Normal macrotexture distribution of a newly laid 
surface. 

When comparing texture distributions calculated from simultaneous measurements with 

different LRFs, a newly laid surface should give the same results whereas a worn surface 

will show different texture distributions in the ruts compared to the areas outside the ruts. 

Useful information can thus be obtained not only by comparing texture measurements 

over time but also by comparing results from different LRFs obtained at a single measure-

ment run (Figure 3.15). 

With respect to measurement accuracy and reliability, the Laser RST performs very well. 

Figure 3.16 shows a high degree of correlation between the same macrotexture measure-

ments made with two different Laser RST's. 
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Figure 3.15. Texture variations across the lane. 
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Figure 3.16. Macrotexture reliability. Results from repeated measurements with two different Laser 
RST's on actual roads in the USA (r = 0.99; p <0.001). 

3.5 Cracking 

Cracks are not necessarily characteristic of long stretches of pavement but instead are 

manifestations of short-term, local changes in the pavement surface. The Laser RST 

provides only statistical information about global cracking. 

The Laser RST measures cracks at 4 points across the front of the van. At its highest survey 

speed (90 km/h) , this system can accurately resolve a 3-mm feature. With slower survey 

speeds, this is improved in proportion to the survey speed reduction. Under laboratory 

conditions, however, even features smaller than 1mm can be detected at 90 km / h (Figure 

3.17). Because of the need for higher resolution sampling, it is necessary to use 32 kHz LRFs 

for cracking measurements, with every other sample being utilized. 
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Figure 3.17. Cracks measured in simulated conditions by the LRF. At 90 km/h, 
cracks with a width of less than 1 mm can be measured. (A) full profile; (B) crack 
1 from A, enlarged. 

A crack is detected as a sudden increase in depth. The width of the crack is measured as 

the time it takes before the depth discontinuity reverses itself, while the depth is the average 

distance measured while the laser spot is in the crack. 

The LRFs are paired for crack measurement, and a crack recorded within a specified 

distance by one pair is considered a single transverse crack. A parameter flag can be set 

such that a count of "common" cracks is given. This is the number of crack-events that 

occurred simultaneously at both paired LRFs. Ostensibly, this is the number of transverse 

cracks spanning both LRF tracks. 

The Laser RST crack values give indications of how severe the cracking is and what size 

cracks are most prevalent. Cracks are classified into numerous categories depending on 

depth, width, and the surrounding macrotexture of the road. 

Due to the working principle of the LRFs, a macrotextured surface could be interpreted as 

completely covered by cracks. To avoid this problem a "macrotexture compensation 

factor" has been developed. Basically, all detected features not deeper than the macrotex-

ture profile amplitude are discarded as not being considered as cracks. This factor is 

automatically calculated individually for each crack measuring LRF and is updated every 

half meter. 



Crack measurements are carried out by firmware that is resident on SPC 1 and SPC 2. The 

type of firmware installed on the SPCs, along with software settings in the supervisory 

computer, determines the type of crack measurement provided by the Laser RST. The 

primary measurements are histograms of crack width and crack depth. For example, a 

four-category crack-width histogram can give the crack count within each width category, 

along with a 2-category depth histogram. 

Finally, two crack density values can be specified. This is the percentage of subsections 

within the overall measurement section with more than a specified number of cracks, i.e., 

within each sub-interval (selectable as either 1.0 m or 0.5 m in length), the number of cracks 

is counted. If the crack count exceeds a user-specifiable cracking threshold, then that 

subsection is flagged and the subsection count is incremented by one. The output data is 

the proportion of all the subsections within the total measurement section/interval with a 

crack count exceeding the cracking threshold (bottom of Figure 2.18). 

Three width categories (3-6 mm, 6-12 mm, and 12-50 mm) are shown in Table 3.3, along 

with two depth categories (3 mm and 6 mm) and a macrotexture compensation factor of 

1.0 (MC = 1.0). The numbers under the "both" label in the table are the number of cracks 

counted by paired lasers and are considered to be the same crack. The width and depth 

categories are user-definable. 

Table 3.3. Crack categorization output from the Laser RST. 

depth 3.0 6.0 MC = 1.0 

width 3.0-6.0 6.0-12.0 12.0-50.0 3.0-6.0 6.0-12.0 12.0-50.0 both 

LRF 1 40 23 5 1 3 3 

LRF 2 17 13 5 0 0 0 8 

LRF 3 97 54 22 1 1 7 

LRF 4 18 9 3 1 1 1 14 

It must be mentioned that cracking is one of the most complicated and difficult properties 

of a road surface to measure using automated equipment (Figure 3.18). Even now, most 

cracking is measured manually by trained raters using standardized pavement condition 

rating systems. Such manual data collection is slow, costly, and error-prone. The consisten-

Flgure 3.18. Measurement of longitudinal and transverse cracks. Illustration of the 4 macrotexture 
and crack measuring LRFs on the Laser RST (up to 8 32-kHz LRFs can be used). 



cy of such subjective ratings was tested in Sweden several years ago, with results indicating 

a low correlation among observers (including highly experienced highway engineers). 

Even more significant was the finding that the same observer's ratings over time correlated 

poorly. 

The Laser RST is designed for automatic collection of information about cracking, but its 

performance is limited. However, the reliability coefficient is 0.9 for road sections of 100 m 

or longer, and problems with fatigue and safety for human data collectors are eliminated 

with automated systems like the Laser RST. 

The Laser RST's limited performance in cracking is not so much a shortcoming of the 

system as a reflection on the state of current technology. Cracks are local features that are 

not handled well by statistical treatment, but their dimensions are small enough to make 

accurate measurement without a statistical treatment very difficult. Nevertheless, for the 

global sort of cracking that the Laser RST detects, its measurement reliability is very good 

(Figure 3.19). Correlations with manually measured cracks and subjective ratings are also 

high (r^ =0.82 and 0.92, respectively). 

A new technique for the measurement of cracks is currently being developed by the Laser 

RST team. This system is a combination of the existing crack measurement system using 

LRFs and a video recording and image processing system for counting and classification 

of cracks (Chapter 6). 

Laser RST 1 

Figure 3.19. Crack reliability. Results from repeated measurements with 4 crack-measurement LRFs 
(r = 0.99; p <0.001). 

3.6 Road Geometry 

Road geometry is defined as the parameters in the construction information needed when 

building a new road. Specifically, they are: 

• crossfall 

• horizontal curvature 

• vertical curvature 

• grade 



The measurement of these parameters serves three purposes: (1) to make certain the 

crossfall is within stipulated limits, (2) to provide a basis on which to draw road maps 

(using the horizontal curvature, vertical curvature, and grade parameters), and (3) to 

provide information to the Road Data Bank (Chapter 4). 

Since surface crossfall is typically on the order of 2-2.5%, the measurement of this 

parameter must be more accurate than this if it is to be useful. The grade can be consider-

ably greater (up to 12°), but it still requires a similar degree of accuracy if its influence on 

drainage characteristics is to be properly considered. 

When the vehicle is stationary, accurate measurement of static values of grade and crossfall 

are available for comparison to and calibration with static devices such as surveying 

instruments like the Primal. 

On a straight road, crossfall is measured directly with an inclinometer. When driving at a 

normal speed on a curved road, lateral acceleration influences the measurement. The 

obtained measurement can be corrected by a determination of lateral acceleration, which 

is calculated from the output of a rate gyroscope and the vehicle speed as generated from 

the pulse rate of the hub-mounted distance transducer (Figure 320). Positive crossfall for 

a lane is defined as the right side being lower than the left in right-hand traffic. Figure 3.21 

shows the excellent repeatability of the method of repeated measurement of a number of 

20-m road sections. 

Figure 3.20. Crossfall measurement and curve radius. 

Horizontal curvature is obtained from the electrical compass but can also be derived from 

the yaw rate (from the gyroscope) and vehicular speed. Dividing yaw rate (rad / s) by speed 

(m /s) gives horizontal curvature (m1) . In turn, the radius of curvature is computed as the 

inverse of the horizontal curvature. Curvature is simpler to work with because on a straight 

road (the majority of the cases), the curvature is zero whereas the radius is infinite. 

Right-hand curves are positive. Figure 3.22 shows an example of presentation of measure-

ment of curve radius and crossfall. 

Grade is measured by a technique similar to the one used for crossfall and involves 

measuring the vehicle's longitudinal inclination with inclinometers (Figure 323). Because 

readings from the inclinometer are affected by vehicular acceleration, corrections must be 

made. Acceleration is calculated from the rate of change of the pulse transducer frequency. 



Figure 3.21. Repeatability of crossfall measurements. 

Figure 3.22. Example of curve radius and crossfall experimental presenta-
tion. 



Rategyro Inclinometer platform 

Figure 3.23. Grade (hilliness) measurement 

Figure 3.24 is a comparison of grade measurements taken by the rod and level method and 

the Laser RST. Figure 325 is an example of the repeatability of grade measurements on a 

number of 20-m road sections. 

Vertical curvature is the rate of change of the grade. Again, vertical curvature is used, rather 

than its reciprocal, vertical radius. Vertical curvature is measured in units of m~\ with crests 

giving positive values. 
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Figure 3.24. Comparison of measurements of the relative vertical height of the 
road taken by the Laser RST and the rod and level method. 
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Figure 3.25. Repeatability of grade measurements in a number of 20-m road 
sections. 

Relative map coordinates can be calculated as increments in the (x ,y) mapping plane 

(direction changes), continuously corrected by the current grade values. However, this type 

of dead reckoning system is calculated from the rate of change of the pulse transducer 

frequency and is subject to cumulative errors that must be periodically reset to zero by 

comparison with known map points. An alternative approach under consideration is the 

direct measurement of the map coordinates using a satellite navigation system. 

The Laser RST system includes switches that log when the vehicle departs from the survey 

path. These are used to correct the final mapping. The vehicle must depart from the desired 

survey path when overtaking other slower vehicles, when detouring around large con-

struction zones, and when deviating around smaller roadworks. Detours and roadworks 

are signaled by pressing the appropriate button when leaving the survey route and when 

re-entering the survey lane. Passing another vehicle is at the discretion of the driver and 

should only be done on a straight section of road so that the false curves produced in 

overtaking can be removed. 

Calibration of the accelerometers used in the longitudinal profile (unevenness) measure-

ments is done automatically by the computer while the system is running, since only a 

dynamic offset needs correction. For road geometry measurements, however, a static 

calibration of the accelerometers is normally done when the vehicle is stationary on a 

perfectly level surface. The offset voltages from the crossfall accelerometers are then 

automatically adjusted to zero. The problem is that these offsets will change fairly often 

with time, with temperature, and with any changes in the vehicle loading (such as crew 

shifts). It is seldom possible to have a known level site in the field for calibration. Hence, 

it is necessary to calibrate by obtaining measurements at the same location with the vehicle 

facing in two exactly opposite directions at the same wheel positions, simulating on the 



average a level site. The site chosen should be smooth and reasonably level and allow for 

the reversing maneuver of the vehicle. The site surface should also allow the wheel 

positions to be marked. Since it is essential that the offset calibration be performed with all 

crew members in their travelling positions within the van, a dash-mounted calibration 

station is provided for the driver. In later versions, an automatic computer-controlled 

calibration process of the crossfall measurement will also be used. For further information, 

see Lundberg (in press). 

3.7 Algorithm Accuracy and Repeatability 

Figure 3.26 shows the high degree of repeatability between Laser RST vehicles. The graphs 

are from two separate studies of the repeatability of the Laser RST system. The first graph 

shows that the data from two vehicles driven over the same stretch of pavement shows a 

very high correlation. The second graph shows a second study done using four different 

Laser RST vans driven over a 20-km stretch of pavement. It can be seen that the agreement 

between measurements taken with different vehicles is very good. The repeatability 

between runs using the same vehicle is even higher. 

The accuracy and reliability of the Laser RST is such that the U.S. FHWA has given it a 

Class II certification (FHWA ORDER M 5600.1 A, December 1, 1987) for roughness meas-

urement. This is the highest class of accuracy, after Class I manual devices such as the rod 

and level. As such, the Laser RST can be used as a calibration standard for other less 

accurate devices. 

Laser RST, August 1987 
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Figure 3.26. Reliability tests for unevenness values, for 2 vehicles 
(N=75), and 4 vehicles. 



4: Measurements in 
Sweden 

4.1 Summary 

This chapter gives more detailed information about the use of Laser RST data within the 

complete road network maintenance system in Sweden. The agency having the most 

experience with the Laser RST vehicle is the Swedish National Road Administration 

(SNRA). Laser RST data is used primarily in a graphics-based statistical analysis system 

(developed by RST Sweden AB) but is also input to several candidate pavement manage-

ment systems (PMS's) being examined for use in Sweden. These are also discussed. 

4.2 The Swedish Road Network 

W:WfM The Swedish National Road Administration (SNRA) 

The Swedish National Road Administration (SNRA), one of the largest departments in the 

Swedish government, isunder the Ministry of Transport and Communications. The primary 

roles of the government in road use are to (1) establish standardsand guidelines, (2) provide 

funding, (3) oversee the state road network, and (4) supervise local and private roads, which 

under certain conditions can receive state grants. SNRA also participates in land-use plan-

ning and traffic safety work. The organization and functions of SNRA are shown in Figure 

4.1. 

SNRA is divided into several divisions. One of them, the Operations and Maintenance 

Division, is responsible for the budget, allocation of resources, control of regional opera-

tions, development of planning methods, development of new techniques and equipment, 

and organizational and staffing functions, etc. Under the Operations and Maintenance 

Division, there are 24 Regional Road Administrations. (Regions in Sweden are normally 

referred to in English as "counties," but they are not exact counterparts to English counties.) 

Regional Road Administrations handle everyday road operations and maintenance. 



STRATEGIC SUBSYSTEMS AT CENTRAL ADMINISTRATION LEVEL 
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Figure 4.1. Road maintenance under the Swedish National Road Administration (SNRA). 

Below the regional level are the Local Authorities. Each Local Road Authority is in charge 

of all roadwork within its municipality. The tasks of the Regional Road Administrations 

and the Local Authorities are to (1) execute the work and (2) provide feedback to SNRA. 

Monies for road maintenance are distributed by SNRA to the Local Authorities according 

to their needs. In order to establish an accurate basis on which to allocate resources, a 

survey of the total Swedish road network is performed every three years. Part of the main 

road network is measured annually, some main roads (such as E4) are measured several 

times each year, and all surfaced roads are measured at least once every three years. 

Measurements began at VTI in 1981 with a budget of about 60,000 SEK ($10,000 USD), but 

since 1986 these surveys been carried out by RST Sweden AB, a company owned by SNRA, 

Volvo, and Fardig Betong. RST Sweden AB now has an annual income of 40 million SEK 

($7 million USD), and its single most important service is the annual measurement of up 

to 65,000 lane-km by the Laser RST for SNRA. 

Figure 4 2 shows the counties and distances measured during 1987, 1988 and 1989, while 

Figure 4.3 shows the counties and distances measured in 1990. As can be seen, the counties 

that were measured in 1987 were measured again in 1990, but the distance covered was 

increased by more than 60 percent. The roads in Sweden that were measured during the 

spring of 1990 can be seen in Figure 4.4 (northern part) and Figure 4.5 (southern part). 



Figure 4.2. Counties and distances measured by the Laser RST in Sweden in 1987, 1988, 1989 
(darkened areas of the maps). 

Figure 4.3. Counties and distance measured by the Laser 
RST in Sweden in 1990 (darkened areas of the map). 
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Figure 4.4 Roads in the northern half of Sweden measured by the Laser RST during the 
spring of 1990. 
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Figure 4.5. Roads in the southern half of Sweden measured by the Laser RST during the spring of 1990. 



History of Road Measurement Under SNRA 

During the 1970s, SNRA mandated that the entire road network be measured every three 

years to insure equitable distribution of resources and to maintain the integrity of road 

databases. Considered tobe of pr imary importance was the quality of the data coming into 

the database. For resource decisions, a comprehensive database analysis and graphic 

control system for survey and maintenance of the data system was developed to establish 

the integrity of all subsequent analyses and decisions. However, the length of the Swedish 

paved road network w a s large enough that no objective measuring instrument capable of 

measuring all the necessary road surface characteristics on the entire road ne twork within 

a reasonable amount of t ime could be found. The only alternative was subjective surveying 

(Magnusson & Arnberg, 1976). 

Dur ing the 1970s such a survey was carried out every three years by local road engineers 

in all 24 Swedish counties. In an effort to remove biases and transform these individual 

ratings to a single common scale, local ratings were weighted by a road engineer from 

SNRA, w h o judged about 10 percent of the road network in each county. However, it w a s 

found that the consistency of the ratings, even within individual road engineers, as well 

as among engineers, w a s not acceptable and that results from different years were not 

comparable. 

At this point, efforts were begun to develop a device capable of measur ing all the required 

road characteristics simultaneously, at high speed, with reliability, and accuracy. The first 

at tempt was the Saab Road Surface Tester, a completely mechanical device developed 

jointly by VTI and Saab-Scania AB (Arnberg, 1981,1983). The Laser RST was then invented 

and developed to eliminate the maintenance and calibration problems associated with the 

mechanical measurement systems; it is the end result of a great many years of effort to 

satisfy the cost-effective road-survey needs of SNRA (Arnberg, 1985a & 1986). 

4.2.3 Measuring Procedure 

•MM Planning. Every year dur ing the spring, the Swedish Road Data Bank (VDB,* 

described below) is used to plan the year 's measurements, done to minimize driving 

distance. When the planning is finished, the node points, section lengths, traffic frequency, 

etc., are stored on data disks. These disks, together with road maps, are subsequently used 

by the Laser RST. When approaching a node point on a preprogrammed road, the operator 

is alerted by a warn ing tone 100 m in advance. When passing the node-point, the operator 

confirms the vehicle position with a key-press. This method has shown to be very reliable, 

and errors are normally less than 5 m. 

I Production Measurements. The main roadnet is measured every year in the 

spring when the ground frost has broken up (April to May) and as late as possible in the 

autumn (October to November). Measurements in the spring are indicative of the winter 

*VDB is the abbreviation of the Swedish name, Viigdatabanken. 



effects on the roadnet while au tumn measurements show the effects of maintenance work 

carried out dur ing the summer. 

Every third year, a third of the entire Swedish paved roadnet is measured in order to follow 

changes in road condit ions in var ious par ts of the country. Several municipal i t ies 

throughout the country also use the Laser RST for survey work. In some cases, the 

municipali ty 's entire roadnet is measured while in other cases just the main roads are 

measured. 

When a measurement task is finished, the results are checked at RST Sweden AB and 

subsequently presented on maps, which are based on measurement data collected by the 

Laser RST. Data regarding all 20-meter sections is also sent to the VDB respective to the 

municipality that ordered the measurements. 

I Reliability Check. One percent of the measured road network is measured 

again with another Laser RST and another driver (Figure 4.6). A random process is used 

for the choice of sections to be re-measured and a controller from SNRA compares the 

measurements. Figure 4.7 shows the very good agreement between the results from the 

production measurements of IRI on all main roads in Sweden in 1990 and the control 

measurements. Figure 4.8 shows the same for rut depth; it should be noted that the rut 

depth measure is more sensitive to the lateral position of the measurement vehicle than 

the IRI measure is. A somewhat greater dispersion is expected when using different drivers 

(e.g., when executing control measurements), than when repeated measurements are taken 

by the same driver. 

Figure 4.6. Measurement control. 

4.3 Swedish Road Data Bank 

As mentioned earlier, SNRA is responsible for the most efficient and effective use of 

available funding for road management . To accomplish this task, they need objective 

information about the condition of the entire road network. This information must be 

collected in an efficient and cost-effective way, and it must also be easily accessible. The 

instruments SNRA utilizes to accomplish this task are the Laser RST and the Swedish Road 

Data Bank (VDB). 

VDB is perhaps the most unique feature of SNRA. Sweden is world-renowned for the 

extent and completeness of its central databanks, and VDB is one of the best examples. The 
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database organizes the entire road network into node sections (a node is the point at which 

two or more roads intersect). The roads are numbered according to their size. Single-digit 

main roads are the primary arteries, followed by two-digit national roads and three-digit 

regional roads. VDB contains a complete construction and maintenance history for each 

road, along with the current condition. 

RST Sweden AB provides VDB with properly identified Laser RST data for each 20-meter 

section of road. All parameters measured with the Laser RST are incorporated into the 

VDB. This data is input into the VDB, which contains information concerning: 

• geography 

• roads 

• alignment 

• bridges 

• pavement condition, construction and maintenance history 

• coordinates 

• traffic flow 

• accidents 

UPTB Reference System 

The reference system makes it possible to identify and locate unequivocally any point or 

stretch of road. The road network has been divided into stretches and crossings, and each 

crossing has been given a unique node number. Thus, a stretch of road can be identified 

by the numbers of the adjacent crossings, and any point on a stretch of road can be 

identified by stating the direction and the distance from one of the two crossings. This 

reference base is used to determine the location of all information on road condition, traffic 

flow, and accidents. 

An automatic node sensing system, with passive transponders and a small battery-less 

"electrical tag" buried at each node, is currently under consideration. Node tags could be 

"queried" for current location; the node tag would transmit a signal that would turn on 

the tag and provide it with a source of power to transmit an internally stored code number 

back to the vehicle. 

Road Database 

In the road database, administrative information is stored on the sovereignty of each road, 

along with technical information such as physical dimensions. Traffic engineering infor-

mation (such as speed limits) is also held here. The road data register is updated every 

three months based on reports from the regional road administrations. 

Technical information pertinent to roads are road length and width, width of median, 

existence of climbing lane, pavement type, construction works, and railway crossings. The 

traffic information categories are road type, traffic direction, type of road crossings, speed 

limits, passing limits, maximum axle load, traffic volume, year of traffic volume measure-

ment, and the uncertainty in traffic volume measurement. 



The traffic flow component of this database holds all the results from SNRA's traffic counts 

on the state roads. These counts are periodic, covering the whole state road network, which 

for this purpose is divided into 18,000 stretches. Continuous counts, all year round, are 

also made at about 160 counting stations. The results of the traffic counts make it possible 

to calculate the size of the traffic flow on any stretch of road, and the development of the 

number of vehicle-kms over time. The results are published mainly in the form of traffic 

flow maps. 

Alignment Database 

The alignment database includes information on the horizontal and vertical alignment of 

the roads. Alignment data is partitioned into road sections having constant curvature. Data 

about horizontal curvature includes information about x-and y-coordinates for the start 

and end points of each section, and well as curve radius, bearing, and length. Vertical 

alignment data includes the z-coordinates for the start and end points, vertical curve 

radius, maximum slope (grade and crossfall), and section length. 

Originally, alignment measurements were made by a special measurement vehicle 

equipped with two gyros for measuring horizontal and vertical road curvatures. However, 

this vehicle is being replaced by the Laser RST, which will take road alignment measure-

ments simultaneously with its other variables, yielding a significant savings in time and 

survey costs. 

gJEJEJ Bridge Database 

The bridge database (or constructional work-data register) holds facts on approximately 

12,000 bridges, viaducts, underpasses, tunnels, and ferry routes with ferry berths or 

landings. From a traffic engineer's viewpoint, these constructional works represent an 

obstacle to smooth traffic flow. The information contained in this database is therefore 

handy in traffic planning. The bridge database also includes data about the design and 

loading capacity of all bridges, when they were built and opened to traffic, and dates of 

any repairs or reinforcement. 

4.3.5 Pavement Database 

The pavement database contains information about the original construction charac-

teristics of the road sections in the total public road network. There is information on 



section length, type of pavement used, amount and stone size of wearing course, road 

substructures, area of paved surface, weight of wearing course, the year the road was 

constructed, etc. The data is stored per road section, where a road section is understood as 

an unbroken part of a lane with the same wearing course and laid during the same period 

of time. Also stored in this database is administrative information such as road number, 

time of construction, location according to the road reference system, and building costs. 

Current serviceability of the pavement is also maintained in this database. Information 

about unevenness, ride comfort indices, rutting, cracking and other surface distresses are 

included here. Information in this database is updated four times a year. 

I | Coordinate Database 

The coordinate database contains the x- and i/-coordinates for about 50,000 points along 

the road network, and the z-coordinates for a smaller number of points along the national 

roads. This database is used primarily for automatic drawing of maps, but it is also used 

for linking between the VDB and other data banks in Sweden. 

WWWM Accident Database 

This database contains information on the 125,000 accidents (both injury and property-

only) that have occurred during the last five years. The purpose of this database is to make 

possible statistically supported judgments for measures aimed at increasing traffic safety. 

Every accident in the database is identified by data, time of day, and location. There is also 

a description of the scene of the accident, including traffic control, type of road surface, 

state of the road, light condition, vehicle types, road signs present, and environmental 

conditions. Th e accident is described in terms of the number of vehicles and / or pedestrians 

involved, vehicle deficiencies, and number of killed or injured as well as information about 

damage to property. 



4.4 Airfield Inspection 

It is also important to acknowledge another significant application area for the Laser RST. 

In Sweden, the Laser RST measures an average of three airfields per year. Airfield runways, 

aprons, and taxiways are also measured at airports in Finland, Canada, and Australia. 

Normal measurement is carried out as on roads with the same variables and presentations. 

Figure4.9 shows a single longitudinal profile of a runway surface at the Angelholm Airport 

in southern Sweden, Figure 4.10 shows a contour plot of airport surface macrotexture, and 

Figure 4.11 shows a detailed plot of a single cross profile. 

4.5 Calculation of Cut and Fill Volumes 

A method for the quick determination of cut and fill volumes needed in maintenance 

planning has been developed by VTI in cooperation with SNRA. The method can be 

divided into three components: (1) measurement and data acquisition by the Laser RST, 

(2) maintenance planning with the use of computer graphics, and (3) presentation of 

results. 

The planning component requires data about the cross profile (including crossfall), the 

horizontal and vertical curvatures of the road, and the measured distance. Since the Laser 

RST has a measurement width of 3.2 m, several parallel measurements with a mutual 



CO CV2 CO CO CT) LO —1 CO CV? CO CD LO -—i Z>- CO CO 
r - CO CO LO LO LO CO CO CO Cv? Cv? - — 1 -—^ CD CD 

CD C3 CD o CD CD CD CD CD CD CD CD CD CD CD CD 

mum «»«! warn wasiH&t. " — mm f km • I — — t;tr4 — — IIV. 'MMMMII wan msia i 
&n>t MRS I 

» CT..-' I 
ISMS? I 

I - r} 

MJJJt 

CRT"-! 

I • > MM fi."MM M SStS m e 
I B.~:4\ rKi fci** SF V MM U2*! BJ13Z CKil MM MM MM MM M 

m a ww! rsaf-i mm w kiv* awrj msbs mm mm mm mi 
I M M M M M f f i M m M M M E 7 ' M 
I MM MM BM MM MMi MM K MM rwt'.i • • i r ? < M a R r . ' i M K » M ^ ! M M M K S < M I MJfitf r - i Mtr HITS MM SOS MM MM MM SMI FX* Mi i «{iyt iw me mm bm mm mm mm mm mmi arcs a?; 
I r33 MM «F«S »"S MM ̂ M MM MM MM MM MM MM M meat 

mx vm. i <.<••» IKX3 11 
IKViW I 
' MB RS5SI i h i er r i 

ttETJ o c asis 
vXfS 

i k > > m m m mi M I M M M U A N 
M ^ ' K U M X'.'S.'? KPE MM Stv 

IHS1I 
I at'-r-1 

1i» r I 

ICStl 

inao»i IMI ItWJI im»i 

iFmimMiMii U R t M M M I I Flti MM MM XI"! I 
I V ^ M M M I I MTV: MM MM MM I • nc* MM "SL11 m s M M m i I W K M M m i I tai3; ist-lil MM MM I I K M M M I 

KSV 

IS* r 

• ri-jy 
• *s?v! 

W 
£ 
CE 
E 
E 

x « 
o 
u CD 
E 
.c 
CT> 3 O OC 
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Transverse locations 

Airport F-10 Angelholm, Sweden 

Cross Profile No. 200, Section No. 2 

Figure 4.11. Cross profile of runway surface. 

lateral displacement are needed for each measurement object in order to be able to cover 

the whole road width. The magnitude of the lateral displacement along the object is 

decided by means of video technique and graphics processing. 

A PC program is used to present a so-called "window" in which the measured cross profile 

is drawn. This profile is normally the mean profile covering a section of road 20 m in length. 

The window can be furnished with a line defining the height and crossfall of the desired 

cross profile, and the line can be divided into four parts, facilitating the specification of 

different crossfalls for the two lanes and the two shoulders. After the desired cross profile 

for one section has been chosen, the next section of road is presented. Various kinds of 

information (e.g., the effects of adjusting volumes) can be requested at any time during the 

presentation of the data. This can be helpful if deviations from prescribed standards have 

to be made because of the expense, for example. Figure 4.12 is an example of a print-out 

of the results for five sections of 20 m each. For further information, see Sjogren et al. (in 

press). 

4.6 Road Data Systems 

WJHTM Pavement Management Systems (PMS's) 

Highway engineers and road authorities are finding pavement distress and road-surface 

information increasingly important in the evaluation of road performance and in the 

determination of appropriate rehabilitation methods. Road-surface information has be-

come an integral part of the decision-making process which road administrators utilize to 

make the most cost-effective decisions concerning pavement rehabilitation. Road-surface 

data is typically used as input into PMS's, graphical presentation systems, or a hybrid of 

the two. 
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Figure 4.12. An example of a print-out of cut and fill volumes for five sections of 20 m each. 



Modern PMS's can be defined as a set of computer programs which use road-surface data 

as input and then produce recommended actions for optimal maintenance of the road 

(Figure 4.13). The concept is currently being adopted around the world by road administra-

tion authorities who are trying to find more scientific methods to deal with the problem of 

road maintenance. Information from a PMS is typically used to formulate policies with 

regard to: 

• regional planning 

• allocation of resources 

• design of road standards 

• accident analysis and pavement surfacing standards 

• quality assurance on contracted highway construction 

• feedback to highway engineers 

RST Road Data Bank 

Figure 4.13. The use of Laser RST data within a PMS. 

Some of the specific advantages of an ideal PMS are: 

• Accuracy—it is possible to study what happens to different roads after a specific 

type of maintenance has been completed and to re-evaluate the decisions that led 

to that maintenance. Such feedback about the operation of the system, especially 

its effectiveness at making decisions, is necessary if the system is to become useful. 

• Reliability—good consistency and repeatability is possible because of computer 

processing. 

• Learning—experience gained from generation to generation can be incorporated 

into the PMS. 

• Efficiency—large amounts of data can be analyzed within a realistic time span. 

• Simulation—various "what if" scenarios can be run to simulate the results of 

varying maintenance strategies and to test the sensitivity of the decisions to 

variations in assumptions (such as interest rates). 

However, despite all the apparent advantages of PMS's, they have often been difficult to 

implement, primarily because: 

• Early PMS's were not well designed and contained many errors. 

• Data entry and transmission errors led to PMS errors, and early PMS's had no real 

control over this. 

• PMS's put greater demands on the collection of data (particularly its reliability, but 

also validity). 



• PMS's tended to be too simplistic; to be useful in a real-world setting, they must 

provide valid and reliable information. 

• Later PMS's have become more reliable, but their validity has not yet been 

established. 

At present, PMS's are undergoing further development to overcome these problems. A 

road network needs several years of detailed road data and statistics before PMS's can be 

fully matched to that network. This data is needed for a wide variety of variables dealing 

with road conditions, road types, climate, traffic, etc. Finally, several years of validation of 

the PMS results is needed after installation of a PMS before much confidence can be placed 

in its suggestions. 

The usefulness of road surface measurements for road maintenance work is thus rather 

obvious. However, because transporation costs are much greater than road costs, even a 

small influence from the road and the road surface on transportation costs is important. 

The impact of road surface characteristics on vehicle operating costs, travel time costs, and 

accident costs must be thoroughly investigated in order to make road measurements useful 

to the entire society (Figure 4.14). There is also a need to investigate the effects of surface 

characteristics on, for example, the environment, people who live or work close to heavily 

trafficked roads, road-user comfort, and driver performance. 
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Figure 4.14. Costs related to a typical Swedish main road. 
Road width: 7m; speed limit: 90 km/h; Annual Average 
Daily Traffic (AADT): 3000 vehicles per day; cost level: 
1980 (Carlsson, 1986). 

There a number of studies that focus on different aspects of the relationship between 

vehicle operating cost and road surface characteristics, e.g., fuel consumption (Savenhed, 

1983, 1986) and tire wear (Ohlsson, 1982, 1985, 1986a, 1986b). Efforts to produce mathe-

matical models for the calculation of vehicle operating cost as a function of road surface 



characteristics have been made, notably the "Highway Design and Maintenance Standards 

Model," developed by the World Bank. In Sweden the VETO model addresses vehicle 

operating costs and road deterioration (Hammerstrom & Karlsson, 1987). However, these 

models are, in some cases, founded on rather limited research. 

Studies by the Swedish Packaging Research Institute and Saab-Scania AB (ammunition 

transports) looked at the vibration environment to which road-transported goods are 

exposed and the relationship to damage to the goods. However, the responsibility of the 

road as the primary vibration source is not well known. The relationship between road 

unevenness and vibration environment on lorry platforms therefore needs to be inves-

tigated. Even less known but thought to be of substantial economic importance is vehicular 

wear caused by uneven roads. Methods for the study of "life length consumption" have 

been developed but have not been used in this context to date (Magnusson, 1986). 

The performance of the driver when exposed to whole body vibration, with possible 

implications for accident costs, has been investigated with somewhat conflicting results 

(Arnberg & Astrom, 1979; Arnberg, 1979, 1985b; Sandberg, 1983). The comfort cost, 

expressed as the amount of money the road user is prepared to pay to increase the ride 

comfort, has been investigated by Makela and Lampinen (1985), while Aim (1989) did a 

literature review that focused on the comfort concept from a psychological point of view. 

This study was the background for a road-user interview that tried to determine which 

factors contribute to the experience of comfort (to be published). The first study indicated 

that the road user is prepared to sacrifice a lot of money for better ride comfort while the 

second study and its continuation raised some questions about which benefits the road 

user really wants the road authorities to provide and also is prepared to pay for. 

Future PMS's will be extremely useful in dealing with road maintenance problems in a 

cost-effective and efficient manner. However, it should be noted that there will always be 

unexpected variables that will require correction. In addition, the human is unsurpassed 

in the ability to detect errors in logic and judgement. The human will always have the task 

of fitting the information from the PMS into a larger framework. The PMS will simply make 

this task much easier. 

gf-fJ Graphic Presentation System 

Humans are unparalleled in their visual perception capabilities and are able to obtain 

relevant data from visual overviews very easily. For this reason, a flexible graphics system 

complements any PMS, assists the human decisionmaker, and is therefore necessary for a 

complete presentation of Laser RST data. A graphics system is very useful to road engineers 

at all levels in the interpretation of road-surface data from the Laser RST. A simple graphic 

representation of many variables from the Laser RST is shown in Figure 4.15. 

Graphic presentation of data is also very useful in illustrating changes in the road surface 

over time. Figure 4.16 shows a portion of road that has been rehabilitated and its sub-

sequent deterioration over a number of years. This kind of information helps to determine 

needed rehabilitation measures and also, to some extent, assists with predicting future 

rehabilitation requirements. 
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Figure 4.15. Graphic presentation of Laser RST data. 
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Evaluation Purposes 

• Control pavement condition 
• Show seasonal variation 
• Show changes over succeeding years 

• Re-evaluate after remedial treatment 

Rut Depth 

1989 15.2 mm 

1990 2.1 mm 

(Newly paved) 

1991 2.3 mm 

1992 4.5 mm 

Figure 4.16. The use of maps to illustrate changes in the road condition over time. 

Another very useful type of graphic presentation is the road map illustrating, for example, 

unevenness, rut depth or texture (Figure 4.17). The Laser RST creates these road maps from 

curvature information collected during measurement. 

Finally, an in-field graphics system is being implemented in the Laser RST to give the 

operator a better view of the current status of the measuring process. 



Figure 4.17. Map showing unevenness of streets in Linkdping, Sweden, 
created from curvature information collected during measurement. 

4.6.3 Data Report Strategy 

The Laser RST calculates information for two report sizes. The first report is called the mean 

report, which gives information about the smallest sections of road for which data is 

collected, typically from 20 to 100 meters. This report is generated automatically and is 

based on distance traveled. 

The second report is the object report which summarizes information about sections that 

are larger than in the mean report. Object reports are usually done to provide a summary 

of large road sections, and they can be configured to occur at fixed distance-based intervals 

(typically some multiple of the mean report size). They can also be configured to be 

generated every time the operator signals the end of a measurement section. This means 

that the object report size can be set to a pre-defined size, requested manually during 

measurement, or both. 

All the variables discussed in this paper can be provided in the mean and object reports. 



5: The Laser RST in 
Other Countries 

5.1 Summary 

The Laser RST has been used in a great many countries around the world; it has either been 

sold to governments or purchased by private companies for use within a country. Often 

these companies are joint ventures with the Swedish company in charge of marketing the 

Laser RST internationally, RST Sweden AB. In other instances, the vehicles are not owned 

by entities within the country but are temporarily brought in from Sweden under contract 

for road measurement. Again, this is handled by RST Sweden AB. 

A summary of the use to date of the Laser RST outside of Sweden follows; more in-depth 

reports regarding measurement results and general experiences in these countries may be 

obtained from RST Sweden AB. 

5.2 Australia 

The Laser RST has been operated in Australia by RST Systems (Australia) Pty, a joint 

venture between RST Sweden AB and an Australian engineering firm, Crooks Michell 

Peacock Stewart Pty Ltd (CMPS). The introduction of the Laser RST to Australia for testing 

and evaluation purposes occurred in January 1987 at the request of the New South Wales 

Department of Main Roads (DMR) to CMPS. Given the broad interest generated in the road 

maintenance community in Australia by the RST concept, it was decided to extend the 

study to include other interested parties. The Road Construction Authority (RCA) of 

Victoria and the Main Roads Department (MRD) of Queensland joined the DMR in the 

funding and technical supervision of the project. 

The primary reasons cited for using the Laser RST included the fast, objective, and 

cost-effective measurement of pavement variables, versus traditional methods which tend 

to be labor-intensive, vulnerable to human error and biases, and capable of sampling only 

a small percentage of the overall road system. Additionally, it was felt thatbecause the PMS 

in Australia was still in the formulative stage, it was an opportune time to investigate better 

measurement techniques before more rigid structures were adopted. 



Generally, the Laser RST showed very good repeatability between individual runs for the 

same sites. A repeatability of 0.98 was achieved on all sites combined. Speed did not 

influence the unevenness measurements significantly, an advantage over more traditional 

unevenness meters. These must be towed at a constant speed, and yet their towing speed 

is often affected by the highly variable speeds of the surrounding traffic. 

In terms of accuracy, the Laser RST correlated quite well with the NAASRA Roughness 

Meter (at 10-m wavelengths, 0.82), while the correlation between the IRI from the Laser 

RST and the NAASRA vehicle was 0.99 (Figure 5.1). 

Calibration of Australian Road Research Board 
(ARRB) Profilometer against Laser RST Aus-1 

IRI (mm/m) 

Figure 5.1. Correlation between NAASRA Roughness Meter and 
the Laser RST. 

Rut depth values from the Laser RST showed good repeatability (0.89), even though the 

drivers were not accustomed to driving on the "wrong" side of the road and often strayed 

from the wheelpaths. The comparison with the DMR measurements using a 1.2-m 

straightedge also showed good agreement, although the Laser RST gave consistently 

higher values, as could be expected due to the straightedge being unable to adequately 

span the wider ruts. Static checks with a 3-m bar confirmed this. 

Both fine and rough macrotexture measurements showed good repeatability (over all sites, 

the mean correlations were 0.95 and 0.94, respectively). Areas of patching and bleeding 

could be detected with some success by changes in the fine macrotexture settings. 

Annual surveys are regularly undertaken for VicRoads (formerly Road Construction 

Authority of Victoria), the Roads and Traffic Authority of NSW (formerly Department of 

Main Roads, NSW), and for local government, consultants, contractors, and toll road 

operators. Surveys have also been done for the South Australian Department of Road 

Transport and the Australian Capital Territory Government. 

In addition to the roads that havebeen tested by the Laser RST in Australia, three Australian 

airfields have also been measured. 



5.3 United States and Canada 

The Laser RST has participated in several road trials in the United States. In a study 

sponsored by the U.S. Department of Transportation's Federal Highway Administration 

(DOT/FHWA), Benson et al. (1988) examined several pieces of road survey equipment, 

comparing their suitability for surface distress analysis. They looked at the GERPHO, 

ROADRECON, ARAN, and the Laser RST. Field tests were conducted on flexible, rigid, 

and composite pavements. Although the tests were conducted primarily from a surface-

distress analysis perspective, they also included rut depth measurements (but not uneven-

ness). 

Benson et al. (1988) concluded that the vehicles specialized in photologging were best 

suited for network and project-level distress surveys, as well as pavement research studies, 

but that the Laser RST could only be recommended for consideration in network-level 

surveys. The automation of the Laser RST was rated very good because all of the informa-

tion collected is processed in the field by the on-board computer. The accuracy and 

repeatability of the rut depth measurements made by the Laser RST were rated good. They 

found that rain affected the ARAN'S ultrasonic-based measurements to a much greater 

degree than the Laser RST's data. The Laser RST was also given a good rating in equipment 

reliability and robustness. In terms of overall cost-effectiveness, the Laser RST was rated 

the highest. 

There have been extensive studies conducted all over Canada using the Laser RST, and 

airfields have also been measured. 

The rights to use Laser RST technology in North America (the USA and Canada) belong 

to Infrastructure Management Services (IMS) of Arlington Heights, Illinois. This company 

is owned by RST Sweden AB. To date, about 350 municipal measurement projects 

throughout the United States and Canada have been awarded to IMS, and approximately 

120,000 km of pavement have been measured. Measurement projects for eight states in the 

U.S. (covering 36,000 km) and two provinces in Canada (covering 13,000 km) have been 

carried out. In addition, pilot studies covering about 4,000 km in five states have been 

completed. 

5.4 England 

On behalf of the Kent County Council, U.K., survey measurements were carried out in 1989 

and 1990, and future measurements are currently being discussed. Measurement results 

have been delivered on road maps (Figure 5.2) as well as on disk an input to the local Road 

Data Bank. 

joint research on the measurement and evaluation of faulting problems on cement concrete 

roads and the use of video techniques to detect surface cracks has begun and will in the 

future probably be extended to include the measurement of road deflection under a 

moving load. 





5.5 Denmark 

All main roads have been measured and results have been reported on maps, floppy disks, 

and 9-track tape. Future joint research work has been discussed. 

5.6 Spain 

The main road network has been surveyed for five consecutive years using a Laser RST 

that is stationed in Spain during the winter months. Approximately 6,000 km have been 

measured annually. 

Measurements are used to test the condition of (1) newly laid highway surfaces (primarily 

unevenness because IRI is mandatory in Spain), and (2) existing highways in different areas 

of the country (e.g., Aragon, Catalua, Murcia, etc.). Concrete and bituminous mix pave-

ments have been measured. Texture, cracking, and pavement unevenness are the 

parameters with the most technical interest in Spain. 

The use of the Laser RST is carried outby an engineering company in Spain, AEPO Estudios 

y Proyectos, which has a department that specializes in pavement monitoring. The scarcity 

of devices and reliable pavement testing techniques have produced great interest about 

the current and future possibilities of the Laser RST. 

5.7 Hungary 

In 1991, a six-year contract was signed with Hungary to measure about 12,000 km every 

year. 

5.6 Other Countries 

The use of the Laser RST around the world is illustrated in Figure 5.3. In addition to the 

countries mentioned above, the Laser RST has also measured roads in Czechoslovakia, 

Finland, France, Germany, Iceland, New Zealand, and Saudi Arabia. 

RST Sweden AB is making a strong effort to market the Laser RST throughout the world. 

The countries now considering using the Laser RST are Belgium, China, India, Malaysia, 

Mexico, Netherlands, Norway, Portugal, Thailand, Switzerland, and Yugoslavia. 
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6: The Future 

6.1 Summary 

Finally, there is the question of future developments for the Laser RST. The concept is a 

proven one, but research will have to continue at its present vigorous level to maintain the 

Laser RST's state-of-the-art status. A considerable amount of funding has therefore been 

allocated to research. This chapter describes the primary areas of work-in-progress and 

those under consideration. 

6.2 Storage of Raw Data 

This would seem to be a rather peripheral point to address, since the philosophy behind 

the Laser RST is to provide timely and accurate information about the road surface without 

storing large amounts of raw data, a cumbersome and expensive process. In addition, for 

normal surveying purposes, there is no need for it. However, when equipment evaluations 

are done or when the Laser RST is used as a calibration device or a research vehicle, the 

availability of raw data m a y b e useful. One currently available optional output from the 

Laser RST, requiring the high-speed storage of raw data, is the calculation and graphic 

presentation of the longitudinal road profile. 

However, if it becomes necessary to store raw data for several measurement parameters 

simultaneously, the high data-acquisition speed of the Laser RST will require not only 

high-speed data channels but also storage-capacity devices that up to now have not been 

available. Moreover, the Laser RST's requirements of durability and ability to withstand 

vibration makes many of the current storage devices unacceptable. However, new tech-

nology in the form of high-speed compact ruggedized hard disks may offer the solution. 

The storage of raw data can be used to store not only statistics concerning rut depth but 

also selected profiles, providing an opportunity to monitor road deterioration and evaluate 

the need for future maintenance. The variation between and within ruts may indicate what 

is happening on or within the road, e.g., whether there is a bearing capacity problem or 

wear from studded tires. Research is now being undertaken to determine the optimal form 

and format for the storage of selected segments of raw data. 



6.3 Friction Measurement 

At present, the Laser RST does not routinely measure friction. There is a special program 

for friction measurement, but it is independent of other Laser RST functions and has not 

yet been integrated into the system. It calls for a friction measuring trailer to be attached 

to the vehicle. Efforts are being made to examine whether friction measurements can be 

replaced, and to what degree, by measurements of microtexture and macrotexture. Re-

search is currently underway at several institutions to find a reliable correlation between 

characteristics of macrotexture and microtexture and friction properties of pavements 

related to skidding. These measurements could be combined with rut depth measurements 

to generate an index related to the risk of hydroplaning. This will be aided by the new 

generation of 64 kHz LRFs and the development of faster SPCs (nearly complete). 

6.4 Road-Edge Scanner 

Some effort is being devoted to the development of a scanner for the white (or yellow) road 

edge lines. The Laser RST currently maintains a precise knowledge of its longitudinal 

distance as a displacement from a starting point using the wheel-mounted distance 

transducer. When measuring, it would also be helpful to have a transverse location 

reference—the vehicle's position on the road relative to the road's edge and / or center line. 

A road-edge scanner has already been developed in California and is under consideration 

for the Laser RST. 

6.5 Sight Distance 

Work is in progress at VTI on the development of a laser-based system that will measure 

side clearance. Together with information about the road geometry, the sight distance could 

then be calculated. Two LRFs with measuring ranges of over 100 m will be mounted on a 

special research vehicle, the Laser RST-R (see below). 

6.6 Network Node Marking 

The Laser RST research group is studying the possibility of using the "Navigation Satellite 

Timing and Ranging Global Position System" (Navstar GPS) for various applications such 

as navigation, mapping, surveying, etc. The Navstar GPS uses a number of satellites; the 

system tested by VTI tracks six of them continuously while information from four of them 

is needed for a single position determination (Figure 6.1) 

The system provides two different modes of operation. The simplest and cheapest mode, 

the so-called "absolute mode," requires a mobile receiver station on board the vehicle 

whose position is to be determined. The more expensive mode, the "differential mode," 
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Figure 6.1. The principle of GPS satellite surveying and navigation. 

requires, in addition to a mobile receiver, a net of stationary reference stations covering the 

operational area of the vehicle(s) in question. 

The accuracy of the system is very high. However, the level of obtainable accuracy depends 

to some extent on the policy of the U.S. Government, which is reluctant to provide other 

countries with the means to use the highest accuracy because of military implications. 

There is a "selective availability" (SA) imposed on the system, which means that satellite 

signals are disturbed in a way that reduces the obtainable accuracy for users outside the 

armed forces of the USA and its allies. 

The absolute mode is capable of providing a position error of less than 20 m without SA 

and less than 100 m with S A. In the differential mode, the absolute position of the reference 

stations is known. Consequently, the intentional error in the satellite signal can be calcu-

lated and removed from the position that was calculated by the mobile receiver station. 

This correction can be carried out later in the laboratory or "on-line" concurrent with 

position determination in the vehicle. The obtainable accuracy using the differential mode 

is on the order of 2-5 m within a radius of 800 km from the reference station. 

Several makes of equipment are available for the utilization of Navstar GPS. VTI has 

investigated the Magnavox system, which is based on a mobile unit and a stationary 

reference. However, in the work carried out to date, a reference station has not been 

available. Due to the war in the Persian Gulf, the SA was not in force during the test period, 

and consequently the level of accuracy obtained in the absolute mode was similar to the 

level normally available only in the differential mode. Figure 6.2 shows the results from 

absolute mode point positioning determination compared with photogrammetrically 

surveyed points. The accuracy obtained was 2.5 m RMS. 
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Figure 6.2. Absolute mode point positioning determination compared to 
photogrammetrically surveyed points. 

The U.S. Government policy regarding the use of S A has not been established, but because 

this policy influences only the utilization cost and not the accuracy obtainable by the user, 

the SA policy seems rather meaningless. For further information, see Karlsson (in press). 

6.7 Video System for Surface Distress Analysis 

The Laser RST is a state-of-the-art technological solution to an extremely difficult problem: 

the timely, economic, yet accurate and repeatable measurement of thousands of kilometers 

of road surface. The success of a PMS depends critically on how good the input data is. 

The data must be valid, reliable, and up-to-date if the PMS is to yield effective maintenance 

policy decisions. 

Currently, there is no better system for road-surface testing than the Laser RST. It replaces 

low-quality, subjective, labor-intensive work with a high-quality, objective, economic 

measurement process. Still, a major shortcoming in the Laser RST system is its lack of ability 

to detect specific surface distresses due to a lack of lateral resolution for the detection of 

local features. This is most clearly shown in Figure 3.18. The crack labeled "A" is not 

detected at all while the single meandering crack "B" could give rise to spurious multiple 

crack counts. 

The problem is the lack of lateral resolution in the measurement. While more than adequate 

for global features, which tend to change only slightly over relatively large stretches of 

pavement, the Laser RST's use of four sensing points laterally across the road lane is not 

adequate for the detailed measurement of local features. For this task, closely adjacent 



spatial information is needed to establish such characteristics of a local feature as its 

connectivity, angle, etc. 

As noted, the problem is a lack of lateral resolution. At 32,000 samples/sec, the longitudinal 

resolution is more than adequate. One obvious and feasible solution would be to use the 

information from all 11 LRFs to determine cracking patterns. This would nearly triple the 

lateral resolution while requiring minimal changes to the Laser RST system (simply the 

addition of more processing modules). The question is if this would now be enough sensed 

points to properly discriminate between the various cracking patterns shown in Figure 

3.18. With 11 LRFs, the lateral resolution would be approximately 0.3 m. 

To answer this question, an analogous problem in Monte Carlo simulation, called Buffon's 

Needle Problem, can be considered. Count Buffon (in the 17th century) suggested that by 

tossing as randomly as possible a needle n times upon a floor, on which a number of parallel 

straight lines have been marked out, one could empirically observe/, the relative frequency 

of occurrence of the needle's contacting a line. For n sufficiently large (a large number of 

trials), it follows that: 

/ « 2 / / j i d 

where / = length of the lines and d = distance between the lines. Since / and d are fixed 

lengths, Buffon noticed that one could estiinate the constant ji by means of the above 

expression since: 

n = 2l/fd 

It is only necessary that the ratio / o f crossings to tossings be experimentally determined. 

Using this empirical technique, Buffon was one of the first to calculate it to a large number 

of decimal places of accuracy. 

The reverse argument is also true. Since the value of n is already known precisely, f , the 

expected frequency with which a needle of length I would touch lines separated a distance 

d apart, can then be computed. The tossing of a needle of length / is analogous to the 

appearance of a crack of length /, entering (at a random angle) the field of view of the LRFs, 

spaced d units apart. What is the probability that this "crack/needle" will touch the "lines" 

formed by the LRFs (be detected)? This is simply equal to / ( f o r large n, i.e., under 

steady-state conditions). The frequency of occurrence of the needle's contacting a line can 

be predicted precisely, without empirical trial. 

Assuming the normal conditions (using four LRFs for crack detection), the sensor separa-

tion distance is then d = 0.9m. For a minimum 50 percent detection probability, the crack 

length I must be greater than: 

I = K dp/2 = K • 0 . 9 • 0 . 5 / 2 

= 0 . 7 1 

Hence, any crack less than 0.71 m in length will not be detected the majority of the time. 

If all 11 LRFs were used, the crack length giving a 50/50 chance of detection would be 0.24 

m. The probability of detecting a crack the same size as the sensor separation distance 

(/ = d - 0.3 m) would be p = .64; i.e., such a crack size would be detected 64 percent of the 

time. 



From the above analysis, it would appear that while increasing the number of crack sensors 

to 11 would be a definite improvement, it would still not provide the required dis-

criminatory power for accurate individual, localized crack detection, much less crack pattern 

measurement. 

It is necessary to note a very important exception, that the above analysis assumes the 

presence of only one crack (event) at a time. In addition, it does not address the case where 

I >d, in which a single crack can span several sensor tracks. Finally, the above model based 

on Buffon's Needle assumes that cracks have negligible width, that the crack has a single 

uniform orientation (no bends or branches), and that all orientations are equiprobable. All 

of these assumptions are false in the real-world. 

In most real-world situations, there are both long and short cracks, and more than one crack 

can occur at a time. In these cases, the probability of at least one LRF detecting a crack 

increases. This perhaps explains why the Laser RST is still very su ccessful at characterizing 

the degree of cracking present. It looks at cracking in a statistical sense, instead of counting 

each crack—some cracks will be missed but others will contact multiple LRFs or be 

contacted multiple times by a single LRF (as in the meandering crack of Figure 3.18). This 

assumes that it all "averages out," but that the average is indicative of the general overall 

cracking present. 

This again brings up the earlier discussion of global versus local pavement characteristics. 

Cracking is characterized in the Laser RST in the global sense, and it is very effective in 

providing a single index of" generalized" cracking severity and extent at the network level. 

It cannot, however, generate data about the types of cracking involved (e.g., alligator 

cracking, edge cracking, etc.). Individual, localized cracking features such as cracking 

patterns cannot be measured with any LRF-based system (as shown above); the resolution 

is simply too low. In addition to low resolution, there is still the difficult problem of 

distinguishing a "crack event" as being a single crack spanning multiple sensor tracks 

versus multiple individual cracks. With the current Laser RST, it is possible only to 

distinguish a single crack spanning several sensor tracks when it is fully transverse. If 

sufficiently oblique, then it is not possible to distinguish it from multiple transverse cracks. 

The present need of the Laser RST system is thus to more accurately characterize specific 

cracking patterns in road surfaces. The primary problems are to increase the lateral sensor 

resolvability and to provide the ability to examine spatial connectivity in a longitudinal 

direction. A2D sensor with thenecessary horizontal and vertical resolution currently exists 

in the form of a photodiode array found in CCD video cameras. The proper processing for 

establishing connectivity and making measurements currently exists in the form of 

machine vision algorithms. What is lacking is the necessary hardware development and 

software integration needed to provide accurate and reliable processing of pavement video 

at acceptable or even real-time rates, over a wide variety of pavement and measurement 

conditions. 

A machine vision sensor essentially increases the number of sensor tracks from 4 to 1024 

or more. Moreover, machine vision systems have the capability of extracting important 

shape parameters from the sensed cracks, such as angle of orientation, area, width, 

"roundness," etc. The current laser system would still be needed for measurement of the 

global features, such as unevenness, rut depth, etc., features which a machine vision system 

could not measure. In addition, the LRF information is needed to modify data from the 

vision system (which cannot discriminate between filled and unfilled cracks without the 



depth information provided by the LRFs). In fact, a very important task is to properly 

integrate these two sensor systems to maximize system performance. 

The machine vision system would need to work closely with the current LRFs. The vision 

system operates on scene luminance and not on range (distance). The two systems are 

complementary in this sense. The LRF is an active sensor system that measures distance 

directly. The machine vision system uses a passive light detector array and so needs an 

external source of energy (lighting). It does not measure distance but instead measures 

changes in brightness across the spatial plane imaged. Since cracks (filled with debris, or 

perhaps patched) generally have differing contrast from the background pavement, they 

will be detected and measured. Information from the LRFs would be used to discriminate 

if the cracks were filled (no cracking detected by LRFs) or not (cracks also detected by 

LRFs). The LRFs would also be necessary to help the machine vision system discriminate 

dark markings on the pavement such as bleeding (these would have high contrast like 

cracks but no depth changes). 

The identification of profitable and practical uses of machine vision for pavement inspec-

tion was initially investigated by Wigan and Cullinan (1984,1987). One of the motivations 

for this work was that while the costs of machine video systems were declining, the cost 

of manual pavement inspection was steadily increasing. Machine vision inspection is a 

technology that has come of age, now able to handle a wide variety of inspection applica-

tion needs. 

While current machine vision systems are very reliable and capable, it is important to 

examine their use within the constraints of the Laser RST application. The advantages of 

using machine vision for processing local feature road surface information include: 

• Accurate detection of cracking and similar local road distresses. 

• Measurement of distress parameters, such as area, enclosing rectangle, percentage 

of total surface area, etc. 

• Ability to selectively acquire and store visual images of the road surface for later 

retrieval and review, making possible an image database of road conditions. 

• Ability to detect (in conjunction with the LRFs) cracks that have already been 

patched, outputting reports on the degree of maintenance already conducted on 

a road unit. 

• Detection of normal macrotexture features, such as spalling. 

A new technique for the detection and classification of road surface cracks, following the 

ideas outlined above, is currently under development and will be tested in the Research 

Laser RST. This technique involves a combination of measuring LRFs and line-scan video 

cameras, utilizing real-time pattern recognition. 

At present, no fully automated system for the accurate and reliable reduction of detailed 

pavement distress data exists. The PAVUE pavement image acquisition and analysis 

system is currently being developed by OPQ Systems AB (Sweden) as a modular add-on 

option to current and future Laser RST measurement vehicles. 

Initially, the PAVUE system will use five standard video cameras (PAL, 1 /10,000 sec shutter 

speed), feeding video images of five 1-m pavem ent zones into a bank of five separate S-VHS 

recorders. The five zones correspond to the pavement edge, right wheelpath, mid-lane, left 

wheelpath, and centerline zones. The use of S-VHS recorders is required to maintain 

resolution and allow detection of smaller crack sizes. The vehicle speed is also encoded 



into a special signal (like a 4-scanline bar code) and mixed with the camera video before 

recording. Subsequent processing of this signal allows speed independence and 

synchronization across the S-VHS recorders. 

The video tapes are returned to the road administration office for analysis. The tapes are 

played on a bank of five S-VHS players, which feed the video into the five parallel 

processing channels of the PAVUE analyzer. Each channel applies the speed-compensation 

algorithms, noise reduction, and filtering, adaptive thresholding (to control for uneven 

lighting and varying pavement types), feature extraction, and feature measurement. The 

outputs (measured features) of the five channels are then combined into a single composite 

result for the full-lane width in the pattern recognition module. This module makes the 

decision about the type of cracking present, its severity and extent, and accumulates this 

data over the road sections. The output is a set of statistics about the type, severity, and 

extent of cracking present in each section. A printed "crack map" showing the analyzed 

cracking patterns is also available. 

Currently, the analysis is done primarily by software, and processing rates are very slow 

(approximately 0.1 km/hr ) . Hardware that has been under development and is now 

nearing completion should speed this is considerably (to 10 km/hr ) . This system is 

relatively easy to retrofit to existing Laser RST systems. For a full production system, a full 

complement of special-purpose image processing boards (approximately 15-20 VME 

cards) will be used to bring the processing speed up to real-time (90 km / h). Of course, this 

extra processing power could be applied to the analysis of video-taped data, but a better 

solution would be the real-time analysis of the video data directly from the cameras in the 

Laser RST vehicle, without the bulky, mechanical, and costly intermediate videotape 

storage step. The pavement distress data would be analyzed "on-the-fly," with the resul-

tant statistics printed out and stored on disk, the same as is currently done with rutting, 

texture, etc., data from the LRFs. With this real-time, on-site analysis, the camera system 

will be modified to use special "intelligent" line-scan cameras (Burke et al., 1991). 

6.6 Research Laser RST 

A new generation Laser RST is presently being developed, and the first example of this is 

the Research Laser RST (Figures 6.3 and 6.4). The measurement system will use new-

generation SPC cards and a new computer. The number of LRFs used in the cross 

profilometer will be increased to give a measurement width of 3.65 m (within the vehicle 

width of 2.5 m), and the cross profile will be more densely sampled. 

In addition to measurement capabilities already implemented in the present Laser RST, 

which include measurement of faulting on cement concrete roads, the new-generation 

Laser RST will have a videologging system for crack detection and crack pattern recogni-

tion at high speed and a satellite navigation system (as described above). It will also be 

capable of measuring sight distances. 
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Figure 6.3. Research Laser RST (RST-R) currently under development at VTI. 

Figure 6.4. Front view of the RST-R. 



6.9 Bearing Capacity 

Bearing capacity of the road is an important component of the data required by PMS's. It 

is currently calculated from deflection measurements by stationary-point measuring 

devices such as the falling weight deflectometer or by continuous-measuring, slow-

moving devices such as the Lacroix Deflectograph. 

A laser-based device for the continuous measurement of road deflection at normal traffic 

speeds, the Laser Road Deflection Tester (Laser RDT), is currently under development at 

VTI. The measurement principle is based on the measurement of two cross profiles of the 

road, one behind the lightly loaded front axle of a heavy vehicle and one immediately 

behind the heavily loaded rear axle (Figure 6.5). The deflection, caused by the rear axle, is 

given by the difference between the two cross profiles, the "difference profile." 

Figure 6.6 shows the first experimental vehicle used in the development of the measure-

ment method. Figures 6.7 and 6.8 are examples of measurement results obtained with this 

method in which the marked points on the difference profiles represent the lateral position 

of the LRFs. The lowest points on the profiles represent the LRFs' measuring in the middle 

of the real-wheel tracks. In Figure 6.8, the outermost LRF on the right side has been omitted 

due to a measurement problem, but this does not have any qualitative influence on the 

result. 

Figure 6.7 shows the results of repeated measurements using two different axle-load 

combinations. The upper curves are from measurements with a rear-axle load of 79 kN and 

a front-axle load of 32 kN, while the bottom curves represent a real-axle load of 94 kN and 

a front-axle load of 30 kN. Figure 6.8 illustrates the influence of speed on the deflection. 

The system is still in its infancy, but these figures demonstrate its potential. Figure 6.6, with 

two sets of measurements at constant measurement conditions, shows excellent 

repeatability. The figure also illustrates that the method is capable of detecting an increase 

in road deflection when the axle load is increased. Figure 6.7 shows the expected decrease 

in deflection when the measurement speed is increased (Arnberg et al., 1991). 

Figure 6.5. Road Deflection Tester (RDT) under development at VTI. An early drawing of the RDT 
illustrates the measurement principles involved. 
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Figure 6.6. The experimental Road Deflection Tester (RDT). 
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Figure 6.7. The results of repeated measurements using two different axle-load combinations. 
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Figure 6.8. The influence of speed on deflection. 

6.10 Database Compatibility 

In order to increase the ease with which Laser RST data can be incorporated into databases, 

support for standard database file structure is being explored. The goal is to provide Laser 

RST data in popular database formats such as dBASE, Lotus 1-2-3, SQL, Informix, Oracle, 



7; Epilogue 

In Sweden, road measurements taken by the Laser RST are used for a number of things, 

including justifying government appropriations (where objective data has proven to be 

very useful), allocating funds for local road authorities, and maintaining the roads more 

efficiently. In all of these activities, there is a human decisionmaker who uses Laser RST 

data as a basis for his decisions. There are no hidden data or assumptions behind the 

statistical or graphical presentations; all the assumptions underlying the data collection 

algorithms are made explicit. What the Laser RST does, its strengths and weaknesses, can 

be clearly understood by the decisionmaker, and he can, if need be, look at what is behind 

any piece of data, index, or formula. 

Most important of all, however, is that Sweden gets information every year about its road 

network. The current road-surface condition data provided by the Laser RST is combined 

with current and past measures of road condition, traffic density, climate, etc. With this 

data, a statistical base has been built, which is used to develop a reliable and functional 

maintenance policy. This data is also being used in the development of advanced PMS 

programs. Only through data from a considerable road network can research into road 

construction and maintenance practices advance. 

On one level, the Laser RST is an independent and complete system in that it functions 

without outside support of any kind. On another level, the Laser RST is part of a larger 

system, one that requires data from the Laser RST so that it can provide information about 

road maintenance and road use by society. This larger system, however, is still almost at 

its starting point. An extensive amount of work is yet to be done. 

The major advantage of the Laser RST is its extreme flexibility. The user has the freedom 

to choose variables and to adapt them for his specific target. This approach to design was 

chosen because it allows the Laser RST to be used in any country in the world, thus 

allowing the development of a broad research experience and exchange of information 

between cooperating countries. 

Finally, the measurement data obtained from the Laser RST when used for surveying 

purposes is given in the form of statistics where the raw data is transformed into numbers 

and categories. This is the only way to get an overview but is, of course, at the expense of 

some detailed information. When used for research purposes, however, it is possible to 

retain this detailed information. This is even more true with the new Laser RST-R, which 

hasbeen specially designed for research and which will implement new video and machine 

vision techniques. 
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