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Background 

This report presents the analysis and findings from a Road Profilometer Meeting 
(RPM) held in Ann Aribor, Michigan on September 11 to 13, 1984. The program was 
conduclted by The University of Michigan Transportation Research Institute (UMTRI) with 
the participation of a number of organizations owning and/or operating road profilometer 
equipment. The prograrn was sponsored by the Federal Highway Administration (FHWA) 
as a task under the project, "Methodology for Road Roughness Profiling and Rut Depth 
Measurement," Contract No. DTFH61-83-C-00123, 

A road profilometer is a vehicle-mounted instrumentation system intended to measure 
vertical deviations of the road surface along the direction of travel. They have been in 
existence for over two decades, with many millions of dollars spent thus far on their 
purchase and operation. In recent years, the variety in profilometer hardware and design 
available to the highway community has increased dramatically. The most universal 
purpose for road profile measurements at the present time is to assess the roughness of the 
surface encountered b:y motor vehicles. In the future, as their capabilities expand, 
profilocneters are expected to play a role of ever-increasing importance as an engineering 
tool for pavement condition evaluation, including a key role in the Strategic Highway 
Research Program. 

The inertial profilonneter, originally invented by Spangler and Kelly at the General 
Motors Research Laboratories (GMRL) 20 years ago, allowed measurement of the 
longitudinal profile of a road at speeds of 60 kmk on typical paved roads.[l] However, the 
instrumr:ntation available at that time was relatively expensive and difficult to maintain. In 
this design, a vertically mounted accelerometer serves as an inertial reference by which the 
vertical motions of the vehicle body are measured. A second measure of the instantaneous 
height of the vehicle above the road is added to the vehicle body motions to obtain the 
profile of the road surfact:. 

As nlewer instrumenta.tion and computer equipment have become available, the original 
GM design concept has been retained, although incorporating many varieties of analog and 
digital c:omputers to combine the transducer signals and compute the profile. The 
mechanical follower wheels originally used for measuring distance to the road surface have 



been replaced in more recent systems with a variety of noncontacting sensors that use 
ultrasound, laser beams, visible lights, or infrared light to detect the road surface. 

In Europe, profilometers based on different design concepts have been developed. The 
Longitudinal Profile Analyser (APL), developed by the Laboratoire Central des Ponts et 
Chaussees (LCPC), France, is a towed trailer that uses a special rotational pendulum as an 
inertial reference.[*] The British Transport and Road Research Laboratory (TFUU) laser 
profilometer uses a rigid beam with laser sensors mounted along its length. The laser 
signals are processed to cancel the beam motions that occur as it is towed over the road at 
highway speeds. [31 

Common to all designs is the limitation that the measurements are confined to a 
wavelength range. The limits on long wavelengths cause the measured profiles to exclude 
constant slopes and geographic features (hills and valleys). The true profile of the road 
(measured on a scale of absolute elevation) includes these features. Thus, profiles from a 
profilometer cannot be compared directly to the true profile in a meaningful way. Different 
profilometers were designed to capture different wavelength ranges. For example, the 
GM-type inertial profilometer is designed to measure the wavelengths that have significant 
influence on the vibrations of road-using vehicles. 

Presuming the instrumentation is functioning correctly, it is proper to expect that all 
profilometers measure a profile. However, the profiles from different equipment will vary 
in quality with regard to the accuracy and bandwidth of the measurement. In evaluating the 
quality of a measure, it must be remembered that the profile itself has no direct meaning. 
Only when it is processed for some specific application can the quality be judged, and then 
only with regard to the accuracy of the results obtained in that particular application. It is 
therefore expected that any given profilometer design will be valid for some applications, 
but not for others. 

With all of the different design concepts of the profilometers in use today there has not 
yet been an objective and independent study of their performance capabilities. The program 
reported here was conceived out of the need to obtain an objective evaluation of the 
performance of the various types of road profilometry equipment available, capitalizing on 
the fact that similar tests were being designed and organized to validate the profilometer 
built for FHWA under this project. 

The Road Profilometer Meeting (RPM) was held in Ann Arbor in September, 1984. In 
this meeting, 11 agencies used their profilometer equipment to provide measures over 27 



test site:s. Overall, 13 independent instruments were used, including manual rod and level 
measures on 10 of the slltes. 

The objective of the Road Profilometer Meeting was to determine and compare some of 
the performance characteristics of profilometers in use today. A necessary part of that 
objective was to determine just how profilometers can be meaningfully compared with 
regard to measuring various aspects of road roughness. Because most profilorneters 
measure a "filtered:' fomi of the profile (normally excluding long wavelengths), the profiles 
cannot be compared at the simple visual level. Rather, the profiling ability of the systems 
must be compared in the context of the applications for the profile data. 

An aspect of this objective was to determine the performance limits of the 
profilometers, in terms of operating speed, surface type, and roughness level. Many 
profilorneters are capable of measuring valid profiles under some conditions. However, 
their reliable use for routine purposes by highway departments further dictates that they be 
functiotial and valid over the full range of anticipated road conditions. At a minimum, if a 
profilorneter cannot measure validly under some conditions, then the profilometer records 
should clearly reflect the fact that questionable data are being obtained. 

It is; emphasized ht:re that the objective of the Road Profilometer Meeting was 
validation. It was not a "correlation" program, nor was it a "calibration" program as 
commonly held for various types of pavement measuring equipment. This is because 
profilorneters are calibrated by certain functional checks and adjustments of the equipment 
to ensure valid measurements in routine use. Thus, the intent here was to validate the 
ability of the different profilometers to measure profile as they are routinely used, and to 
determine the limits on the validity. Although a number of profde analyses were applied to 
the data, the intent was tiimply to see whether the various profilometers were appropriate 
for that analysis. Correlations between the results from the various analyses were not 
investigated, although the results have been tabulated in an appendix as a resource for the 
interested reader. 

Report Organizatic~n 

The report is divided into five sections. An overview of the Road Profilometer Meeting 
was covered by the pirevious introductory material in this section. The research 
methodology is described in the next two sections, "Experiment" and "Analyses," which 



separately cover the testing activities and the analytical work, respectively. The results of 
the experiment are presented in the section "Results," including a description of each 
profilometer and the findings regarding its performance. The "Results" section is 
organized such that the material pertaining to each piece of equipment is fairly independent 
of the material pertaining to the other equipment. This is intended to aid the reader who is 
interested primarily in the findings related to one particular instrument. In order to fully 
appreciate the findings, it is recommended that the reader be familiar with the material in the 
"Experiment" and "Analyses" sections. The results are summarized and compared in the 
"Conclusions" section. 

Engineering Units 

With the equipment and analyses used in the RPM, a mixture of both English and 
metric units are commonly used. Test speeds may have been selected in miles per hour 
(milh) or kilometers per hour (krn/h). Some instruments are set up to sample or perform 
analysis at intervals of feet, while others are set up on metric measures. Metric units have 
been selected as the preferred choice in the text and figures, with English equivalents 
indicated immediately thereafter in parentheses where appropriate. 



EXPIERIMENT 

Participants 

In order to obtain the broadest representation possible, the Road Profilometer Meeting 
(RPM) was considered open to any and all devices in the world that are said to measure 
road pnofile. Evaluation is simplified for systems that both measure and record the profile, 
although devices that dct not include the additional (and expensive) hardware necessary to 
record ithe data can also be validated if the details of the data reduction method are known. 
Invitations were sent to *those who owned and operated these kinds of equipment, and/or to 
the developers of the equipment. Table 1 lists the organizations that participated in the 
RPM, and also indicates some important design elements of the profilometers that will be 
discuss~ed below. 

Personnel participating from each organization are listed in appendix A. In addition to 
the participants, a number of people from other organizations visited to observe the 
program. The observers are also listed in the appendix. 

Overview of Profillometer Concepts 

At the time of the program planning, a number of generic profilometer types were 
known LO exist, as descrj bed below: 

GM-type Inertial Prqfilomerers 

The profilometers in most common use today are of the inertial design developed by 
General. Motors Research in the mid-1960's. The General Motors Corporation, the 
Michigan Department of Transportation, and the South Dakota Department of 
Transpc~rtation each have units that they have built themselves. K. J. Law Engineers, Inc. 
commercially manufactures these profilometers under a patent license, and has incorporated 
improvements in the design. The original GM design was such that profile measurements 
had to be made at a conritant speed. The more recent models from K. J. Law Engineers, 
Inc. use improved software with "spatial" filtering that compensates for speed variations 
during measurements. 





K. J. Law units have been purchased by the States of Pennsylvania, Ohio, West 
Virginia, Minnesota, Kentucky, and Texas. Invitations were sent to all of the above. The 
General Motors Corporation, Michigan DOT, South Dakota DOT, Ohio DOT, West 
Virginia DOT, Minnesota DOT, and Pennsylvania State University (operating the unit from 
the Pennsylvania DOT) were able to participate. The profilometer being designed and built 
for the Federal Highway Administration (FHWA) by UMTRI is also an inertial-type 
profilometer and participated in the program with two configurations of road-follower 
hardware. 

K. ;F. Law, Inc. also builds an instrument based on the same concepts, called the Model 
8300 Roughness Surveyor. It does not include the equipment to record profile, but instead 
calculates quarter-car stiitistics from profile during measurement. A unit was purchased by 
the Colorado Department of Highways (DOH), and Colorado was invited. The system, 
which had not yet been delivered to Colorado at the time of the RPM, was operated by 
personnel from K. J. Law Engineers, Inc. 

The: Laboratoire Central des Ponts et Chaussees (LCPC, France) has developed a 
towed trailer with a com.bination of instrumentation and built-in mechanical properties that 
allow it to measure profile. It uses an inertial pendulum in lieu of an accelerometer to 
provide the profile refenme. The same unit is used by the Centre de Recherches Routieres 
(CRR, ]Belgium), although each organization has its own method for processing the profile 
data obtained Both orgm.izations were invited to participate. By agreement between them, 
LCPC personnel came to Ann Arbor with an APL profilometer. The CRR sent staff to 
observe the experiment smd take copies of the profile data home for separate processing. 

Swedish MII Laser Road Surface Tester 

The Swedish Road imd Traffic Research Institute (VTI) has developed a system for 
noncontact measuremen~t of pavement condition, One unit is in the United States and is 
operated by Novak, Denipsey & Associates, Inc, (NDA) (it is now operated by IMS, Inc.). 
Both VTI and NDA were invited to participate. By agreement between the two 
organiziitions NDA brought a unit to participate in the program. Postprocessing of the data 
records was performed by VTI, who then copied the computed profiles onto a 9-track 
digital tiipe that was sent to UMTRI for analysis. 



ARAN 

Highway Products International (Ontario, Canada) builds a pavement condition 
monitoring system that includes an accelerometer mounted on a road-wheel for measuring 
profile. HPI was invited, but was unable to attend. 

The Transport and Road Research Laboratory (TRRL) in England has developed a 
unique laser profilometer. Distance to the road surface is sensed at three points along the 
length of a trailer. As the trailer progresses forward, road elevation at the leading sensor is 
referenced to that at the other sensors so that a continuing profile can be developed. TRRL 
was invited but was unable to arrange participation. 

Overview of Profiiometer Design Considerations 

To exercise the different profilometers over the full range of their capabilities, it is 
necessary to include test sites with surfaces that might challenge the various systems. The 
profilometers are described individually in the "Results" section, but an overview of the 
major design considerations is included here, to aid the reader in appreciating the various 
challenges posed by certain types of pavement surfaces to the different profilometers. 

All of the participating profilometers, except the French APL trailer, are based on the 
concept of the GM-type inertial system. In this design, a vehicle is instrumented with an 
accelerometer and a height sensor. The accelerometer senses the vertical motions of the 
vehicle body, relative to an inertial reference. The height sensor follows the road by 
sensing the distance between the vehicle and the road surface. The signals from the 
accelerometer and the height sensor are used together to compute the profile of the road, 
relative to an inertial reference, by eliminating the vehicle reference. This profile 
computation is a form of data processing that is specific to GM-type profilometers, and 
requires some type of computer capability, Within the concept of the GM-type 
profilometer, the designer is faced with an array of possible choices for the data acquisition 
system, the height sensor, and the computer system. 

Data Acquisition Systems 

Systems that process and record the signals from the various sensors can be classified 
as analog or digital. An analog data acquisition system processes signals using electronic 



circuits, and stores data ,signals as continuously varying voltages, using a device such as an 
FM tape recorder. Profile computations are made using an analog computer, which is 
essentially a system of precision electrical components. Analog systems are limited in 
range and accuracy. Voltages that are too high will saturate operational amplifiers, while 
voltages that are too low are lost in a background of electronic noise, The amplitudes in a 
road profile are approximately proportional to wavelength, such that a profile containing 
wavelellgths over the range of 1- to 100-m will contain information covering a range of 100 
to 1. This allows little: margin for error in setting the amplifier ranges for the right 
roughnr:ss level, especially when considering that roughness varies along the length of a 
road. Thus, users of andog systems must be very careful to keep all of the amplifiers set 
close to the optimum at all stages in the system-from the transducers, to the profile 
~omput~ation, to the tape storage. 

Because of these amlglitude limitations, analog systems can be challenged by roads that 
are very rough or very smooth, or which include a few rough sections in an otherwise 
smooth surface. 

Digital systems use one or more components to process data numerically, using 
arithmetic operations. A digital tape recorder stores a signal as a sequence of numbers, 
rather than as a continuously varying voltage, Digital systems are based on computer 
technology, and are fairly recent. Once a voltage has been digitized (converted from a 
voltage to a number), ranging problems can be eliminated. There is no background noise 
to deal with, and the maximum range of a digital computer can be set much higher than any 
measurement that would be encountered Digital systems are also convenient for gathering 
data that will eventually be entered into a computer system for further processing. A 
potential problem with digital systems is that there is no information about what happened 
to the signal between the samples, For example, if a profile signal is digitized every 0.5 
meter, a. tar strip that falls between samples will not be represented in the sequence of 
numben; that represents the profile, Usually, when an analog signal from a transducer is 
digitized, an anitialiasing filter is used to eliminate the high-frequency component of the 
signal. This approach eliminates the potential problem of missing information between 
samples. (For example, a tar-strip between samples would cause the filtered signal to 
include i:he frequencies of the tar-strip that can be seen by the system.) However, some of 
the noncontacting height sensors used in profilometers never produce an analog signal, so 
conventional antialiasing filters cannot be used. 

Most of the data aqu-isition and processing portions of the profilometer systems are 
unique, and can be expected to show different strengths and weaknesses under different 
conditions. 



Height Sensor in a GM-type Profilometer 

The original GM-type Profilometer used a mechanical follower wheel, spring-loaded 
against the ground.['] In this design, the position is sensed with a conventional 
potentiometer, placed between the wheel and the vehicle body. The follower-wheel 
assembly and tire have dynamic properties that influence the quality of the measurement, 
Probably the biggest problem with a follower-wheel system is that it can sometimes bounce 
when it hits a bump or hole. The result is that the profile obtained will trace the path of the 
wheel through the air, rather than the surface. The design of follower wheels used on GM- 
type profilometers has limited their valid measurement range to exclude rough roads, and 
imposes limits on the operating speed on even slightly rough roads. (The APL trailer, 
which is not a GM-type of profilometer, also uses a mechanical follower wheel. However, 
it has a suspension that is more effective at keeping the wheel on the ground-even on very 
rough roads.) 

The mechanical follower wheels have been replaced in many of the newer profilometers 
by noncontacting sensors which measure height using ultrasound, laser beams, or optical 
images. 

Height can be measured using ultrasound in several ways. A speaker can emit a short 
burst of sound, and the time needed for the sound to reach the pavement and be reflected 
back to a microphone can be measured.[4] By knowing the speed of sound through air, the 
distance can be computed from the time interval, Another method involves the continuous 
measurement of phase in the reflected sound, using a steady tone for the source.[5] 
Measuring height with ultrasound requires that a number of problems be solved that have 
nothing to do with the surface quality, such as effects of wind and changes in air pressure. 
Surface condition can also challenge an ultrasonic system if it is a poor reflector of sound. 
None of the sensors can function unless a detectable sound is returned to the microphone. 
Generally, open texture and bumps with sharply sloping surfaces are poor reflectors, 
which might cause an ultrasonic sensor to lose the signal. Smooth roads also pose a 
challenge, because the ultrasound sensors typically have limited resolution-an effect that 
adds a small amount of roughness to the measurement. 

Laser beams are used in other systems to measure vehicle height by triangulation. A 
laser beam is projected straight down onto the surface resulting in a small, bright spot of 
light. The spot is seen by a photodetector mounted to the side. Optics and a linear detector 
are used to relate the light spot location to an angle, from which the distance from the 
vehicle to the ground is determined.[33 6] The laser uses a single frequency 
(monochromatic light), and the detector can include filters to exclude effects of ambient 



light. 'nus the system may be made insensitive to variations in light intensity, both the 
ambient and that reflected from the laser. One problem that can occur with a laser sensor is 
that the spot can go into a crack or hole, where it cannot be seen by the detector. Another 
property of this design is that it may include texture in the measure, which can add a 
random error to a profile if not properly dealt with in the digital data system. Thus, 
surfaces with open textures or significant cracking might challenge this type of &vice. 

Instead of the small image projected by a laser, a larger patch of light can be projected 
onto the surface to reduce the incidence of signal loss when the light beam drops into a 
crack oir hole. However, the size of the image makes its precise location harder to pinpoint, 
particularly when the size is changing due to surface topography, and the intensity changes 
due to surface reflectiveness. A noncontact sensor of this type was developed by 
Southwest Research usiing an infrared light beam with two photodetectors viewing the 
image from an 81 The relative amount of illumination falling on detectors is used 
to establish the angle to the light spot, and hence the distance from the detector to the road 
surface, Surfaces that exhibit abrupt changes in reflectiveness (for example, painted 
stripes, black tar strips in Portland Cement Concrete joints, oil stains) might challenge this 
type of sensor. 

The design of the nloncontacting sensor used by K. J. Law Engineers, Inc, and the 
Michigan DOT also employs a large spot of visible light, with modifications to overcome 
the difficulties mentioneti above. The image on the road surface is rectangular, with a short 
dimension in the direction of travel to better define the location of measurement. The angle 
to the light spot is also measured with a system that includes a detector and rotating minor, 
designed to eliminate emm due to variations in surface reflectivity. 

Site Selection 

The philosophy of comparing profilometers "as they are normally used required that 
the comparative tests be: conducted on actual road surfaces (rather than, for example, a 
laboratc~ry dynamic test). Ideally, the crews would operate the profilometers in their 
routine fashion, modified, only as necessary to obtain the data required, 

In order to put numbers on the accuracy obtainable with each system, it is essential to 
have reference measures for some of the profiles. Only a static method, such as rod and 
level, was appropriate for this task. The static method, while laborious, is very 
straightforward and contains no surprising sources of error. It is trivial to specify the 
requirements for accuracy and sample interval to exceed the capabilities of the 



profilometers. For this program, the sample interval was 76 mm (0.25 ft), and the 
accuracy was better than 0.5 mm (0.02 inch). 

It is not trivial to obtain the profile measurements with rod and level, however. The 
process is time consuming, taking about five hours to measure a profile 161 meters long 
(1110th mile). Because of the time that a traffic lane must be closed to traffic, it was not 
feasible in this study to obtain rod and level measures on public roads, The General 
Motors Proving Grounds (GMPG) offered the use of their facilities for this program on 
nine sites that could be closed off for rod and level measurement. These sites were built by 
General Motors to evaluate new vehicles under a variety of road conditions, and therefore 
they encompass a wide range of surface types and roughness levels. (In this case, they are 
maintained to keep the same properties, not to improve rideability as with normal 
highways.) 

Knowing the characteristics of profilometer instruments and, in particular, areas in 
which the various designs might be limited, additional test sites were selected from the 
public roads in the Ann Arbor area to address the following areas of performance: 

roughness limits (can the profilometers handle the large amplitudes encountered on 
rough roads?) 

smoothness limits (can the profilometers maintain linearity on smooth roads, when 
vehicle vibrations and background instrumentation noise are significant?) 

texture (can the laser and ultrasonic profilometers provide a measure on open 
surfaces that could "lose" a dot image or reflect ultrasound poorly?) 

* reflectiveness changes (can the optical systems tell the difference between a color 
change and a bump?) 

reflectiveness levels (can the optical sensors operate on highly reflective (white) 
new PCC, on nonreflective (black) new asphalt, or combinations of the above?) 

wavelength range (are wavelengths accurately "seen" by the profilometers at 
various test speeds?) 

singularities (can the profilometers handle singular features such as tar strips, open 
joints, and patches?) 

The site selection also reflected the practical consideration that sites should be located 
within reasonable proximity to each other, so that the profilometers could perform the 



measurc:ments within a rnoderate amount of time. A second concern was the need for sites 
where the profilometers could maintain a constant speed, thereby excluding roads within 
the city that experience stop-and-go traffic conditions. It should be noted that the limitation 
of constant measuremerlt speed is inherent to many, but not all, of the profilometers that 
participated in the program. In particular, the newer K. J. Law profilometers are designed 
to allour speed variations during a profile measurement. Because the older systems do not 
allow speed variation dilrlng a measurement, the experiment was not designed to isolate 
and evaluate the effect of speed variation. 

Eventually, 18 public road sites were selected which could be covered in a few hours. 
Table 2 provides a description of each site, along with characteristics (in parentheses) that 
might challenge some olf the systems. Table 3 provides similar descriptions of the nine 
sites 1oc:ated within the CiMPG. 

Site ltlentification 

The experiment was designed around the philosophy of evaluating the ability of the 
road profilometers to measure comparable profiles. Though it is desirable to assess the 
differences between profilometers as operated by their normal crew, that does not extend to 
the differences in interpretation of what is the wheeltrack. Thus, the experimental design 
includeti considerable effort to ensure that the profilometers were measuring profile on the 
same section of road. 

White reference marks were painted along the left wheeltrack of many of the public 
road sitt:s. On these sites, the operators were requested to make the profile measurement 
one foot to the right of the marks, as shown in figure 1 below. 

I+ - 161 m (Ill 0th mile) -b 
- 
c. P .......,.paint mark ..,..., , ........,..., ., ..,.. ='-c. 

(begin) 

Marker sign 
/ 

Left- hand measured 
wheeltrack 

Figure 1. Diagram of the site identification markings. 



Table 2. Descriptions of test sites on public roads. 

Site 
No. - 

Length 
(meters) Description 

Very rough bituminous with cracks and patches (patches and cracks might 
challenge some of the height sensors; roughness level might cause out- 
of-range problems; roughness might cause bouncing of mechanical 
systems; patching might challenge digital systems) 

Patched and rolling bituminous; manhole cover (rolling features might 
cause out-of-range problems; manhole cover might cause bouncing of 
mechanical systems; surface of manhole cover might challenge non- 
contacting height sensors) 

Railroad crossing (speed limit of 55 km/h was suggested) (optical sensors 
might be confused by white painted lines on pavement; all height 
sensors might be challenged crossing rails; digital systems might miss 
rails) 

Surface treatment road, with long- and medium-waves (has no specific 
features that would challenge systems) 

Surface treatment road with moderate roughness (has no specific features 
that would challenge systems) 

Asphaltic concrete road with moderate roughness (has no specific features 
that would challenge systems) 

Transition from old maintained asphalt to asphalt with deep longitudinal 
cracking (longitudinal cracks might confuse laser sensors) 

Surface treatment road with minor corrugations and some big repairs 
underlying the most recent surface treatment (open texture and some 
loose gravel might challenge all of the non-contacting height sensors; 
corrugations might confuse some height sensors) 

Good PCC construction, surface has lateral grooves (grooves might 
confuse laser and ultrasound sensors; grooves might cause aliasing 
problems with digital systems) 

Good PCC construction, surface has lateral grooves (different contract than 
site 9) (grooves might confuse laser and ultrasonic sensors; grooves 
might cause aliasing problems with digital systems) 

Good PCC with .visible tar-strips flush at joints (extreme reflectivity change 
at tar strips might trigger erroneous response from optical height 
sensors) 



Table 2. Descriptions of test sites on public roads. (continued) 

Site Length 
No. (meters) Description 
- - 

12 322 Brief section of smooth blacktop, bounded on each end by PCC surface 
(extreme and sustained reflectivity change might challenge optical and 
laser sensors) 

13 805 PCC roa~d with faulting, open joints, and patches at joints (joints might 
cause out-of-range enors; joints might cause bouncing of mechanical 
systems; reflectiveness changes at joints might trigger erroneous 
response from optical systems; open joints might cause dropout 
problems with all noncontacting sensors; digital systems might miss 
joints) 

14 483 PCC surface that was grooved laterally and ground to reduce roughness, 
leaving grooves in both lateral and longitudinal directions 
(crisscrossing grooves might challenge laser and ultrasonic sensors; 
changes in reflectiveness in ground areas might challenge optical 
sensors) 

15 966 Rough bituminous with lots of cracking and patching (roughness levels 
might cause out-of-range problems; patches might cause bouncing of 
mecilanical systems; cracks might challenge noncontacting sensors; 
patches might be missed by digital systems) 

16 805 PCC surface with open areas at joints (open joints might lose signals for all 
noncontacting height sensors; out-of-range problems might occur; 
mechanical systems might bounce; reflectiveness changes might 
challenge optical sensors; digital systems might miss joints) 

17 805 Very smcoth bituminous overlay (background noise in profilometer might 
ovenide the low profile amplitudes) 

18 483 Bridge crossing, bituminous to PCC (abrupt step change in height might 
cause bouncing in mechanical systems; reflectiveness change together 
with step might challenge optical sensors) 



Table 3. Descriptions of test sites at General Motors Proving Grounds (GMPG). 

Site Length 
No. (meters) Description 

19 483 Very rough bituminous with periodic "joints" and patches (patches and 
"joints" might challenge some of the height sensors; roughness level 
might cause out-of-range problems; roughness might cause bouncing 
of mechanical systems. Patching might challenge digital systems) 

20 483 Very rough bituminous with periodic "joints" and patches (patches and 
"joints" might challenge some of the height sensors; roughness level 
might cause out-of-range problems; roughness might cause bouncing 
of mechanical systems; patching might challenge digital systems) 

21 483 Medium and long-wave roughness, PCC slab in middle, large deflection 
mound (very large amplitudes overall; transition from asphalt to PCC 
might cause bouncing of mechanical systems; color change might 
challenge optical systems; large mound can cause vehicles to leave 
ground at high speeds) 

22 483 Medium and long-wave roughness, PCC slab in middle, large deflection 
mound (very large amplitudes overall; transition from asphalt to PCC 
might cause bouncing of mechanical systems; color change might 
challenge optical systems; large mound can cause vehicles to leave 
ground at high speeds) 

23 483 Sand-asphalt surface, moderate quality (has no specific features that would 
challenge systems) 

24 483 Sand-asphalt surface, moderate quality (has no specific features that would 
challenge systems) 

26 644 Relatively smooth with eroded PCC texture (open texture might challenge 
laser and ultrasonic systems) 

26 644 Relatively smooth with sand-asphalt surface (has no specific features that 
would challenge systems) 

27 644 Relatively smooth with red-stone asphalt surface (open texture might 
challenge laser and ultrasonic systems; mottled color might challenge 
optical systems) 

NOTE: Sites 19 and 20 are adjacent lanes of " 12 Mile Rd;" sites 2 1 and 22 are adjacent 
lanes of "Pontiac Trail;" sites 23 and 24 are adjacent lanes of "Sound Test;" and 
sites 25,26, and 27 are adjacent lanes of the acoustic area at the GMPG. 



For convenience of data reduction and analysis, each site was divided into sections 
161-111 (1110th-mile) long, as shown in the figure. The endpoints of the sections were 
marked with a "T' on the pavement, while intermediate reference points were marked with 
small rectangles. The reference marks fell approximately at the left-hand edge of the 
vehicle for most profilorneters. The offset is to prevent any artificial error in case some of 
the optical sensors are sensitive to painted stripes. On very busy interstate highways, it 
was not always possible to mark the wheeltracks. Instead, marks were placed at the edge 
of the pavement at 161-nn intervals. On these sites, the operators were requested to center 
the vehicle in the lane. Ch the GMPG sites, GMPG survey crews placed reflective tape on 
the sites at 161-rn intervals. 

The beginning of each site was marked on the side of the road with a red sign, 
indicating the site number, and the finish of the site was indicated with a red sign with the 
letter "F." The beginnings of the sites nearly always coincided with semi-permanent off- 
road objects, such as mileposts or M i c  signs. 

Summery of the M(aeting 

The Ann Arbor Ro,ad Profilometer Meeting (RPM) was scheduled to run from 
September 1 1 to 13, 1984. Twelve profilometers participated, from eleven organizations. 
On Tuesday, September 11, the participants arrived and the morning was devoted to 
orientation activities. The systems were all run in the UMTRI parking lot to familiarize the 
profilometer operators with the markings used on the public roads. UMTRI staff members 
indicated when a profilometer was left, right, or exactly on the designated wheeltrack. 
Some of the systems measure two wheeltrack profiles, while others measure only one. All 
of the systems were capable of measuring the left-hand profile, and therefore accuracy with 
the left-h.and track was emphasized. 

In the afternoon, all of the systems traveled over the public road sites in a caravan so 
that the clrivers could become familiar with the locations of the sites. 

On Wednesday morni.ng, the operators made measures on the public road sites at their 
discretion. In the afternoon, all of the systems traveled to the GMPG. The sites there were 
clustered. in two groups, so the profilometers were also split into two groups. Tests were 
made coritinuously for 1 112 hours, and then the profilometer groups switched locations for 
another 1 112 hours of testing. The sites 25, 26, and 27 were in one cluster that was 



particularly convenient for testing, so most of the systems were able to make repeated tests 
at alternate speeds on these sites. 

On Thursday, the operators checked their data and made repeat runs on the public road 
sites as needed. 

Two of the systems made measurements after Thursday, as described in the "Results" 
section. The FHWA system was operated with infrared (optical) height sensors during the 
RPM, and was operated a week later with Selcom laser sensors. The Colorado system, 
which had not yet been delivered to Colorado, experienced problems and made its 
measurements several months later. The rod and level measures were made several weeks 
after the RPM. Several of the roughest public road sites were repaired shortly after the 
RPM, and therefore the FHWA/Selcom system and the Colorado system could not cover 
all of the public road sites. 

Table 4 summarizes the runs that were made by most of the equipment. The table gives 
a good idea of the range of test speeds used, and the relative incidence of bad data. The 
Swedish WI system is not included in the table, as it was unable to measure valid profiles. 
(The reasons that the measures were not valid are described in the 'Results" section.) The 
Pennsylvania system is not shown because PTI was unable to copy the data onto 9-track 
tapes for analysis by UMTRI. 

Table 5 provides a similar overview, but presents the lengths of the tests for the various 
sites. These lengths are relevant to some of the analyses applied to the data. 







ANALYSES 

Overview 

The use of the name "profdometer" is sometimes controversial, as opinions differ as to 
what qualifies an instrument as a profrlometer. The name has been used in the past for a 
broad range of instruxr~ents that are known to differ markedly in their measurement 
capability. In one extre:me, the name has been used for any instrument that goes over a 
road and produces a signal theoretically related to profile. In the other extreme, some 
engineers prefer to resenie the name for an instrument that can replicate, point-by-point, the 
profde as would be obtained manually with rod and level survey methods. Neither of these 
extremc: views is appropriate, inasmuch as a road roughness profile is a broad and 
continuous spectrum that cannot be measured completely by any system or method 
available today. 

The concept of a true profde is intuitive and simple: it is the measure that would be 
obtained in the limit-using rod and level methods, with perfect accuracy in reading the 
elevations, and taking the elevation measures so close together that profiie features are 
distinguished down to the texture level. Yet, measurements to that level of detail are neither 
practical nor necessary for any one application. Thus profilometen are designed with the 
intent of measuring the qualities in the roughness spectrum needed for specific applications. 
An "application" is defined by an anaiysis that is applied to the profile, for the purpose of 
assessing some propem of the road surface (roughness, cracking, etc.). Validation of a 

' profdometer for an application is performed most directly by applying the analysis to the 
profile ais measured by tlhe profilometer system in question, and comparing the result to a 
reference obtained by applying the same analysis to the true profile. If the same results are 
obtained, the system is validated for that application. If the results do not agree within 
acceptable limits, the system is not validated as a profdometer for that application, even if 
the results are highly con~lated. 

A direct validation is normally difficult to perform, because the true profile is not 
known. A key phase of \:he RPM was the acquisition of reference profile measures for all 
of the sites used. (Details about the reference measures are given in the next section.) 

No instrument in the world can measure profile with reasonable accuracy for every 
possible application. For example, the profiles of ha s  and valleys, which might be desired 
for mapping the longitudinal ,pdes of a road over its entire length, are not obtained with 



any of the instruments that participated in the RPM. At the same time, few of the systems 
can measure the texture of the surface, as it might be used to compute surface friction 
properties. Nonetheless, most of the systems can measure the profile features that affect 
ride quality, and are expected to be valid for some applications, but not for others. 

The systems that participated in the RPM were checked for three types of applications 
that yield a roughness measurement: quarter-car simulation from which the International 
Roughness Index (IRI) is calculated, Texas root mean square vertical acceleration 
(RMSVA) analysis from which a Maysmeter calibration index called MO is calculated, and 
a series of waveband indices obtaineii from power spectral density (PSD) analyses. (These 
analyses are described below.) The IRI and MO calculations are typical applications in 
which a single summary statistic is determined for the road, PSD wavebands provide a 
broader picture of a profilometer's measurement capability, by showing the range of 
wavelengths over which an instrument qualifies as a valid profilometer. 

The above analyses directly reveal the accuracy of the profilometers in specific 
applications, but the wavebands are not easily generalized for applications that may assume 
greater importance in future work. Therefore, the profiles themselves were examined to 
show qualitatively how the profilometers performed. The profiles were studied using two 
techniques: (1) they were simply plotted to illustrate how the instruments "see" specific 
surface features; (2) the power spectral density (PSD) functions were computed and 
plotted, to show how the instruments "see" different wavelengths. These results identified 
problems that might exist in using the profilometer for the applications considered. They 
also indicated the overall performance properties of the profilometers in a more general 
way, so that the suitability of a particular instrument for future applications could be 
assessed using these results. 

Before describing the particular analysis methods used in this study, it is noted that 
there are many systems that are said to measure "roughness," when in actuality they 
measure a response of the vehicle (or other mechanical system) to roughness in the 
pavement. The physical measures can be related to the roughness through correlation 
equations. These "response-type systems" do not qualify as profilometers unless they are 
calibrated independently and do not require a reference instrument to measure the "true" 
property. That is, a system does not qualify as a profilometer if it is calibrated by running 
it over some roads and determining a correlation to measurements from other systems. 
Only analyses that apply specifically to a true profile are considered in this study. 

Another category of instruments used for roughness measurement is the profilograph, 
also called a rolling straightedge. These instruments are sometimes called 



profilometers-the CHI,OE profilometer, for example-but they are not considered to be 
true profilometers of the sort that participated in the RPM, because they produce a "profde" 
which does not match the true profile over any range of wavelengths. 

Profile Plots 

Dirt~ct comparison of profiles from different systems is perhaps the most intuitive 
method for quickly confirming that a system can measure profile. However, this approach 
does not always work. Figure 2 illustrates the results that are obtained when this method is 
tried. At first inspectiorl, it would appear that three profiles were being measured: one by 
the rod and level, one by the APL trailer, and one by the Ohio and Minnesota systems. 
Yet, the! profiles were all1 measured on the same site, and the plots show how four different 
instruments see the same wheeltrack. The striking difference in appearance is caused by 
the different wavelength content in each of the measurements. Only the rod and level 
measure includes the llongest wavelengths without error. The Ohio and Minnesota 
profilonneters agree very well with each other because they have nearly the same response 
to different wavelengths. (Both are 690-DNC systems made by K. J. Law, Inc.) The APL 
trailer sees a shorter range of wavelengths, and shows a different result. 

F ig~~re  2 is included 1.0 point out that direct plots of profile should be used with care. If 
all the profiles are processed to filter out the very long wavelengths, then direct 
compan.sons are much better. This was done in the RPM, using a moving average filter. 
(The details of the moving average filter, used extensively in this study, are provided in 
appendix B.) Figure 3 shows how the same profile measurements compare when all are 
filtered using a 10-m moving average. Note that the profiles are again offset for readability 
and the vertical scale hasl been increased with the filtered plots such that much finer detail 
can now be examined. It is easily seen that all of the measures are approximately 
equivalent, and would suggest that all the instruments qualify as valid profilometers when 
considering only the shorter wavelengths. 

Eve11 when profiles are filtered identically, a direct point-by-point comparison is still 
not a via,ble means to quantify accuracy. A major problem is that the profiles measured by 
different systems cannot be perfectly synchronized. If the longitudinal positions on the 
road differ by only a few meters, a point-by-point comparison will not be valid. Yet to 
maintain an acceptable synchronization over the entire length of the measurement requires a 
precisioi? of fractions of a percent. High-speed systems do not need this accuracy, and 
cannot achieve it unless special calibration effort is expended. Even with this effort, a 
point-by-point comparison may not be possible because some of the systems still have a 
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Figure 2. Four measures of a profile from different instruments. 
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Figure 3. Five measures of a profile, all filtered with a 10-m 
moving average. 



subtle distortion due to phase lag, such that two profiles can be synchronized for long 
wavelength or for short wavelengths, but not for both at the same time. 

The difficulty in comparing profiles directly can be overcome by resorting to statistical 
methods, even while recognizing that the profile of a road is not random. (A longitudinal 
road profile is fixed in space and, in the short term, is also fixed in time. Therefore, it is 
deterministic, not random.) Nevertheless, it does have the appearance of a random signal, 
and statistical descriptions commonly used for random signals have proven to be useful for 
characterizing road profile. By analyzing the profile using statistical methods, the very 
large amounts of information (hundreds or thousands of independent elevation 
measurements) are reduced to a manageable number of summary statistics. Rather than 
attempting any quantitative comparisons using the actual profiles (filtered or not), such 
comparisons will be made on the basis of statistics computed from the profiles. 

Measurement of Roughness Indices 

Only a small range of applications for profilometers exists at the present time in the 
United States (although many functionally similar applications have a diversity of names). 
In the United States, the primary application of profilometers has been the calibration of 
response-type systems, requiring a roughness index highly correlated with the measures 
obtained from response-type systems. Two of these were applied to the data collected in 
the RPM: (1) the International Roughness Index (IN)> obtained from the standardized 
quarter-car simulation; and (2) the MO statistic developed in Texas, based on the RMSVA 
analysis. (A third type of index was also applied, and is described in the next sub-section.) 

The International Roughness Index (IR)-Quarter-Car Analysis 

For decades, roughness has been characterized by the response elicited from a 
traversing vehicle. The single-wheeled Bureau of Public Roads (BPR) roughometer was a 
first attempt to standardize the vehicle by which the measurement is made. In more recent 
years, various types of roadmeter instruments (Mays meter, PCA meter, Cox meter, 
NAASRA meter, bump integrator, etc.) have been developed for installation in passenger 
cars or trailers, as a means to measure a similar type of roughness. Later, with the 
development of high-speed profilometers, simulations of the BPR roughometer were 
incorporated into the equipment as means to reduce the measured profile to a summary 
statistic related to past practice. Simulations of a passenger car have also been developed 
to replicate the measurements of other roadmeter systems. 



These vehicle sirnuliitions are known as quarter-car simulations because they represent 
only one quarter of a motor car. Figure 4 shows that the quarter-car consists of a sprung 
mass, a single unsprung, mass, two linear springs, and a linear damper. The engineering 
equations representing these essential dynamic elements are written and solved when the 
road displacement (profile) is input at the tirelroad contact point. The stroking of the 
suspens,ion is accumulatred, analogous to the measurement obtained from a roadmeter. The 
final viilue in "incheslrnile" (inches of suspension stroke per mile of travel), "mkm," 
"countslmi," or one of rrlany other unitary descriptors is the final measure of roughness. 

The dynamic behavior of the BPR Roughometer and the various passenger cars used 
with roadmeters will differ, and therefore different parameters have been used in the 
simulation models to dez;cribe each system. As a result, different roughness measures were 
obtained. In the late 19170's, a reference quarter-car simulation (RQCS) was defined as 
part of im NCHRP research project intended to establish a calibration methodology for the 
roadmeter vehicles.[gI Today, this model (distinguished by a unique set of vehicle 
parameters) has been adopted by most practitioners, both in the United States and 
throughtout the world, for calculating a roughness index from a quarter-car simulation. 
When using the standarid set of vehicle parameters, the only variables remaining are the 
choice of simulation speed, and the choice of whether the simulation is applied for two 
profiles (a half-car simulation) or one (a quarter-car simulation). The most standardized 
index is the measure from the simulated roadmeter at a speed of 80 km/h (50 milh), for a 
single wheeltrack. This measure-the reference quarter-car simulation from the NCHRP 
project, applied to a single wheeltrack, for a simulation speed of 80 kmh-is serving as an 
International Roughness Index, and has been given the abbreviation IRI.[~O~ 111 

The plots in figure 5 show the frequency response of the quarter car-analysis. The plot 
on top shows the response as a function of temporal frequency, as defined by the equations 
of motion for a quarter-car. The plot on the bottom shows the sensitivity as a function of 
wavenu:mber, when the simulation speed has been fixed at 80 km/h (50 mith), as specified 
for the IRI. Wavenumbe:r has units of cyclesllength (in this report, cyclelm is used) and is 
the reciprocal of wavelength. The plot shows that the IRI is primarily sensitive to 
wavenumbers between 0.04 and 0.7 cycletm. (These wavenumbers correspond to 
wavelengths between 1.4- and 25 m.) 

The test sites used in the RPM had various lengths, which were all multiples of 161 m 
(1110th mile). The IRI rlumeric was always accumulated over a length of 161 m (1110th 
mi), so that all measures would be based on the same measurement length. Therefore, each 
site included several sections that were measured independently. The total number of test 



Figure 4. Quarter-car model used as thc basis of the international roughness 
index (IRI). 
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Figure 5. Frequency and wavenumber sensitivities of the IRI analysis. 



sections measured using the IRI was therefore not 27, but about 90. The first 161-m 
section of each site was not used, nor was the measure from site 3, the railroad crossing. 

Appendix C describes a method used to compute IN from profile. 

MO and RMWA 

A second approach that has been taken to define a quarter-car type of roughness index 
is to use a simple profile analysis. that produces an index correlated to roadmeter systems. 
The " M O  index, developed in Texas, is a measure of this type. It is determined by first 
computing two midchord deviations from a profile, each with a different baselength, and 
combining these via a linear equation.[l*] The root-mean-square (RMS) values of the 
midchord deviations are called "RMSVA," because the equations used some times 
approximate the second derivative of profile-vertical acceleration. Although not widely 
recognized, the RMSVA analysis actually produces a midchord deviation from a simulated 
rolling straightedge, as demonstrated in figure 6, Note that the equation for "vertical 
acceleration" (VA) is simply a re-scaled version of the equation for the midchord deviation 
(MCD), with the scale factor being ~212. 

The RMSVA analysis acts as a filter with periodically varying sensitivity to profile 
elevation content, as shown at the top of figure 7. The maximum response occurs at 
wavenumbers equal to lI(2.B) (wavelength=2*B) and all odd multiples, and is zero at 
wavenumbers equal to 1IB (wavelength=B) and all its multiples. Taking a baselength of 4 
m as an example, the same maximum output will be obtained for a wavelength of 8 m, 
813 m, 815 m, and so forth. Because the amplitude of the road elevation is greatest at low 
wavenumbers, most of the measured midchord deviation is associated with the'first 
response peak in the figure (wavenumbers from zero to the baselength) 

No single baselength will produce an RMSVA numeric well matched to the 
wavelengths seen by roadmeter vehicles. Typically, the RMSVA values for at least two 
baselengths must be combined to obtain a summary roughness numeric that will correlate 
well with roadmeter measures. In Texas, two baselengths are used to obtain the MO index, 
which was developed by correlating a variety of RMSVA indices measured with the Texas 
profilometer with the "incheslmile" measures obtained with response-type systems. The 
response-type systems were passenger cars and trailers equipped with Mays meters, and 
the name MO indicates that the numeric is a reference Mays index. MO is defined 
mathematically as a weighted sum of two RMSVA numericsi using baselengths of 1.2 m 
and 4.9 m (4 ft and 16 ft). (These are equivalent to midchord deviations for chord lengths 
of 2.4 m (8 ft) and 9.8 m (32 ft).) The bottom plot in figure 7 shows the sensitivity of the 
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Figure 6. Equivalence between the RMSVA analysis and the rolling 
straightedge. 
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Figure 7. Wavenumber sensitivities of the RMSVA and MO analyses. 



MO analysis to wavenumber, based on sinusoidal inputs charactered by slope amplitude. 
The bottom graphs in figures 5 and 7 can be compared directly (both show the response of 
a roughness analysis to a slope input), and show that the MO analysis approximates a 
quarter-car simulation by covering the same range of wavenumbers as the IRI. The MO 
analysi!~ tends to emphasize the roughness at the lower wavenumbers (longer wavelengths) 
more so than the IRI, with maximum response at a wavelength of 10 m. Details for 
computing MO from prclfile are included in appendix D. 

A conceptually similar approach lies behind the QIr index developed in ~razil.[lOp 131 

QIr is a weighted sum of two RMSVA numerics, with baselengths of 1.0 m and 2.5 m. 

As  described above in the section on the IRI, each test site was divided into 161-m 
(l/lOth..rnile) sections, ' h e  MO analysis was applied to each of these 161-111 sections, and 
therefore the total numbt:r of sections measured was about 90. 

Waveband Indices 

When correlation with a response-type system is not critical, profile analysis can be 
designed to provide roughness measures that describes several roughness qualites. 
Waveband analyses are used in Europe to reduce a road profile to several indices, each 
summarizing roughness over a different range of wavelengths. (A range of wavelengths or 
wavenumbers is also called a waveband.) The IRI and MO analyses are actually 
speciali:zed waveband analyses, each covering the broad bands of wavenumbers shown in 
figures .5 and 7. In Europe, profiles are commonly processed to produce three indices, 
summarizing roughness over short-, medium-, and long-wavelengths. [lo* 141 In order to 
characterize the abilities of the profdometers participating in the RPM for measuring profile 
properties other than IRI and MO, waveband analyses were also performed to separate the 
roughness into eight waviebands, each covering one octave. 

The wavebands are centered (on a log scale) at the wavenumbers corresponding to 
wavelengths of 0.5, l.C), 2, 4, 8, 16, 32, and 64 m. Each waveband includes all 
wavelengths from the A, / 1.4 to h x 1.4, where h is the wavelength. The waveband 
index is then identified as WB(h). (Although the calculations and plots use spatial 
frequency-wavenumber-the corresponding wavelengths are used as indices because the , 

wavelength tends to be ]nore familiar.) When the mean square values from all of the 
wavebands are added, the result is the same total mean-square slope that would be obtained 
from the original signal, Since units of slope are more common than units of slope 
squared, the waveband indices were transformed to square roots, yielding RMS slopes. 



This particular analysis is not in routine use anywhere, but was chosen because it is 
straightforward and shows the overall capabilities of the equipment more clearly than any 
analyses that are in widespread use. 

Power Spectral Density (PSD) Functions 

When the bandwidth used in the waveband analysis is decreased, the mean-square 
value of the variable also decreases because a smaller fraction of the variance is retained. 
The amplitude can be normalized by the bandwidth, however, to produce waveband 
amplitudes that have units of variance/wavenumber. When the bandwidth is reduced to 
nearly zero, and the number of wavebands increases proportionately, the amplitudes 
approach a limit that is called the power spectral density (PSD) function. The PSD function 
for a variable is continuously defined at all wavenumbers, and shows how the variance is 
distributed over wavenumber. (A more accurate name might be variance spectral density. 
Early measures of voltages had units of power, leading to the name power spectral density 
even in applications such as road profile that have nothing to do with power.) 

A PSD function always has the units: quantity measured2/wavenumber. Thus, an 
elevation profile measured with the units of rnm would have corresponding PSD units of 
rnm~m/cycle. Although wavelength is more easily visualized than wavenumber, the PSD 
function is defined as a function of wavenumber'because the integral of a PSD function 
over a band of wavenumbers (waveband) corresponds to the contribution of that band to 
the total variance. At the limit, the integral over all wavenumbers is equal to the total 
variance. (In this example, the variance for elevation would have units: rnm2.) 

The DRI, RMSVA, and virtually every other roughness numeric ever computed from 
profiles involve analyses that isolate a band of wavenumbers from the original profile 
signal. It is therefore helpful to view the variations in profile in terms of wavenumber 
amplitudes, using the PSD function. This function provides an objective measure of the 
ability of a profilometer to measure roughness at different wavenumbers. 

Figure 8 shows three plots of PSD functions, all of which are computed from the same 
two measured profiles. (The symbols on the plots are not data points, but are used to 
identify overlapping lines.) Since road profile is measured as an elevation, it is natural to 
compute the PSD function directly from that measure. As graph a in figure 8 shows, the 
PSD is very large at low wavenumbers (long wavelengths), relative to the PSD at higher 
wavenumbers. In order to show the full range of the PSD, it becomes necessary for the 
vertical scale to cover many orders of magnitude. The differences in the PSD functions for 
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Figure 8. Power spectral density (PSD) functions for two sites. 
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the two example roads are evident in the low wavenumber range, but differences at high 
wavenumber are difficult to distinguish accurately. 

The PSD function can also be computed for the derivatives of the elevation 
measurement, i.e., slope and slope derivative (spatial acceleration), as shown by graphs b 
and c in the figure. As a means for characterizing road profiles, the PSD function of slope 
offers two advantages: 

1. The plots can be scaled to show amplitude more precisely. Note that the elevation 
and acceleration functions cover a wider range of amplitudes (7 to 10 orders of 
magnitude) compared to 3 orders of magnitude for the slope PSD over the 
wavenumber range shown. 

2. It is easier to visually gauge the importance of different wavenumbers as they 
contribute to any given roughness index. In the case of elevation PSD's, one must 
always remember that the amplitudes are much larger at low wavenumben, and the 
contribution to a roughness index can be difficult to judge. In contrast, the slope 
function shows the roughness in a more uniform format. The sensitivity (gain) of 
an analysis process based on a slope input indicates directly the bands that 
contribute the most to the summary numeric. 

All road PSD functions that follow in this report are presented in terms of profile slope. 
This contrasts with the standard method for displaying road roughness PSDs presently 
being considered by the International Organization for Standardization (ISO), ISOlDIS 
6806 "Mechanical vibration-Road surface profiles-Reporting measured data." The 
decision to use slope PSD functions rather than elevation was made because the proposed 
IS0 method does not show the similarities and differences in the profilometers nearly as 
well as the method used here. Appendix E describes the computational steps followed in 
preparing the PSD plots. 



RESLJLTS 

The results obtained with each profilometer system that participated in the RPM are 
presented in the following sub-sections, which are intended to be more-or-less self 
contained. Each sub-section includes a brief description of one profilometer design, 
sufficient to identify the hardware and any unique features that may be relevant to its 
performance. The sub-section then presents the results obtained flom that profilometer 
from the: road profilometer meeting (RPM). To appreciate the findings that are presented, 
the reader should be familiar with the material in the preceding sections describing the 
objective of the experimc:nt, and the analysis methods used to obtain the results presented 
here. 

Most of the summary roughness results are provided in tabular form in appendix F. 

Reference Profile Measurements 

Rod and level measurements of profile were used as the absolute reference against 
which the other systems were compared. The rod and level measurements were made only 
on the nine sites at the facilitites of the General Motors Proving Grounds, and on one site 
on the public roads. Sui~eys  were conducted for a length of 161 m on most sites with 
some exceptions: only 60 m were included on the public road site to cover the detail of 
interest, while on two of the GM sites, the measurement lengths were extended to 322 m in 
order to provide a better reference for long wavelength evaluation. 

Special methods were used to obtain very precise measurements. The basic 
methodology is the same used in Brazil by Queiroz for calibration sites for response-type 
sy~tems.[~3] The wheeltrack was established by placing a surveyor's tape on the road, 
marked off at 76.2-mm (3-inch) intervals. The base of the rod consisted of a circular pad 
76.2 mm (3 inches) in diameter, mounted on a ball pivot. The pad was added to reduce the 
randornn~ess when taking :readings from highly textured surfaces. A precision level with a 
built-in micrometer (Wild N3) was used for elevation measurements to a nominal accuracy 
of 0.1 mn (0.004 inches)~, although a more realistic accuracy figure would probably be 
around 0.5 mm (0.02 inches), due to the imprecision in placing the rod exactly in the same 
spot. The level was set up in line with the wheeltrack, to avoid the need for adjusting the 
aim of the instrument between readings. The elevationldistance values were recorded on 
log sheet!; and later entered into a microcomputer for initial processing. This processing 



corrected for elevation changes with each repositioning of the level, and plotted the 
elevation on the screen as the readings were entered. Erroneous entries were quickly 
identified from the plot and comted. 

The results from the rod and level were used as the reference for the other equipment. 
Figure 9 gives an overview of how the rod and level compared with several of the 
profilometers when the IRI and MO roughness indices were calculated from the profiles. 
In this figure, roughness measures obtained from the profilometers are plotted along the 
vertical axis against the corresponding measures obtained from the rod and level on the 
horizontal axis. If any of the rod and level measures were in error, one would expect to 
see the data points from the profilometers all registering together at a different value, either 
above or below the line of equality. Instead, the results are generally distributed closely 
about the line of equality, indicating that the rod and level profiles are the valid reference 
they are expected to be. 

The 17 sites that were not measured by rod and level are also of great interest, because 
they include a number of features that challenged the various systems. For these sites, 
some sort of reference measure was also needed. Data from a selection of profilometers 
were used for this purpose. Based on the comparisons between the profilometers and the 
rod and level on the nine sites at GMPG, it was possible to determine which of the 
profilometers were most consistent and accurate, Several of the systems demonstrated high 
accuracy most of the time, and therefore these systems were compared on the 18 public 
sites. Based on examination of PSD and profile plots, one of the instruments was selected 
as the reference for each site. Table 6 summarizes the choice of reference made for each 
site. 

APL Trailer 

Hardware Description 

The Analyseur de Profil en Long (APL) was developed by the Laboratoire Central des 
Ponts et Chaussees (LCPC) in France for rapid checking of road ~nevenness.[~V 1 4 9  151 

The APL is a towed trailer, shown in figure 10. The trailer frame acts as a sprung mass 
supported by a wheel that follows the road surface. An inertial reference is provided by a 
horizontal pendulum supported on a Bendix-type bearing. The pendulum is centered by a 
coil spring and damped magnetically. An LVDT displacement transducer is located 
between the inertial pendulum and the trailing ann of the road wheel, such that its signal is 
proportional to profile over the frequency range of 0.5 to 20 Hz as the trailer travels along 
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Site 
No. 

Table 6. Reference measurements used on public road sites. 

Reference 
instrument Site Description 

Minnesota 
Rod & Level 
- 
FHWAlSelcom 
FHW AlIR 
FHW A/IR 
APL 
Ohio 
FHWAIIR 
FHWAIIR 
Minnesota 
FHWAlSelcom 
Ohio 
FHWAIIR 
Ohio 
Michigan DOT 
FHWAISelcom 
FHWA/IR 

Rough asphalt with cracks and patches 
Patched and rolling bituminous, manhole cover 
Railroad crossing 
Typical surface treatment 
Typical surface treatment 
Typical asphaltic concrete 
Both sealed and unsealed asphalt with cracking 
Surface treatment with some cormgations 
Good PCC with lateral grooves 
Good PCC with lateral grooves 
Good PC6 with flush tar-strips 
Transition from PCC to smooth blacktop 
PCC with faulting, open joints, patches 
PCC with lateral and longitudinal grooves 
Rough bituminous with cracking and patching 
PCC with open areas at joints 
Very smooth bituminous overlay 
Bridge crossing, bituminous to PCC 





the road. A digital distance transducer on the road wheel measures the distance traveled 
and the towing speed. 

The APL is designed with dynamic properties that make it insensitive to motion inputs 
at the hitch point. The response of the trailer is calibrated by placing a dynamic shaker 
under the road wheel and measuring the output for sinusoidal inputs. The mounting 
locations of the shock absorber and coil spring in the suspension are adjusted to achieve the 
desired response over the 0.5 to 20 Hz measurement bandwidth. The isolation of the 
system is also checked by placing the shaker at the hitch point, and verifying that no output 
occurs. 

The APL is used routinely at LCPC in two configurations-the APL 25 and 
APL 72.[14, 151 The two configurations are distinguished by different testing procedures, 
data storage equipment, and profile analyses. The APL 25 system runs at 22 kmk and 
produces an average rectified displacement roughness statistic (CAPL 25 value) for each 
25-m section of road. It is commonly used to evaluate new construction, before the road is 
opened to the public. The APL 72 configuration is used for routine surveying of the road 
networks. It is towed at 72 kmlh, and the profile signal is recorded on magnetic tape. The 
profiles are analyzed later in the laboratory, using electronic filters to isolate three 
wavebands covering long, medium, and short wavelengths. A summary index is 
accumulated for each of the three wavebands for every 200-m section of road traveled. The 
APL trailer is also used by the Center for Road Research (CRR) in Belgium. At CRR, 
waveband analyses of the profile are used to determine a coefficient of evenness known as 
the CP. 

Given the objective of the RPM, the APL trailer was not used in either of the two 
standard configurations. Instead, the instrumentation and other hardware were assembled 
from various sources. The trailer was shipped from France to Ann Arbor, and arrived 
several days before the RPM. Some of the instruments normally used with the APL 72 
system (power supply, amplifiers, tape recorder) were used to record the APL profile 
signals. A van was rented, and the participants from LCPC and MAP Sarl purchased a 
hitch which was modified in the Uh4TRI shop for towing the trailer. In the laboratory, the 
tapes were played back through an Apple I1 computer (owned by UMTRI) with a special 
card (owned by LCPC) to digitize the profile signals. The digitizer converted the analog 
profile signal into numerical values with 12-bit resolution (integer range of -2048 to 
t2047). 

As shown in table 4 in the "Experiment" section, the APL trailer was towed at a speed 
of 50 km/h (31 milh) on the public roads. At GMPG, three speeds were used for repeat 



runs on all of the sites: 18 kmh, (1 1 milh), 55 kmlh (34 milh), and 90 kmlh (56 mi/h). At 
the lowest speed of 18 lurnk, the recorded signals were digitized at a sample interval of 100 
mm. At the other speeds, the sample interval was 250 mm. Once digitized and stored on 
diskettes, the profdes were transmitted to the mainframe computer for processing. 

, Prq'iIe Plots 

Figure 11 shows a representative comparison between the measurements from the APL 
trailer and the rod and level, when both profiles are filtered with a 10-m moving average. 
The only notable difference between the rod and level and APL profiles is seen at the 90 
kmlh (56 mi/h) speed. Visually, it appears that the trailer captures the basic profile shape 
correctly when towed at 90 km/h, except that the profile appears compressed (i.e., the 
profile features are all present, but occur closer together than they should). Compression is 
not evident in profiles at the other speeds. The apparent cause of this problem is a 
shortcolning in the temporary setup used to digitize the profiles, not in the APL trailer 
itself. Digital sampling frequencies of 50,60, and 100 Hz were used at each of the three 
test speeds. Apparently, the digitizing system was not able to handle the 100 Hz rate 
requiredl for the 90 kmlh tests, with the result that some samples were skipped. The 
problem. was not recognized at the time the data were digitized. It would be solved by 
either using different hmiware to digitize the data, or by selecting a longer sample interval. 
Given th~at the profiles obtained at the highest speed are seen to be in error, roughness data 
computed from the high-speed measures will not be shown below. 

At the two lower speeds, the APL and rod and level profiles are visually quite similar, 
The small differences seen are an expected result of the fact that the trailer is designed to 
measure profile with correct amplitude over its specified waveband, but not necessarily 
with the correct phase. 

The ,4PL trailer did not experience any problems on those public road sites with surface 
characte:ristics selected to challenge the noncontacting systems. The roughest sites were 
most likely to challenge the APL, in which case bouncing of the follower wheel is a 
possibility. Unfortunately, the data from the roughest sites could not be used, due again to 
problems with the temporary digitizing setup. In several cases the range that was set for 
the digitizer was not adequate, and the signal exceeded the range of the digitizing card (see 
table 4). Except for the p~:oblem in digitizing, roughness did not seem to be a problem with 
the APL trailer. Site 15 included several large patched areas that could excite follower 
wheel bsunce; but, as figure 12 shows, the profile from the APL matches the profiles from 
two of th~e noncontacting systems quite well. From the authors' experience with the APL 
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Figure 11. Comparison of APL profiles with rod and level on a road with 
medium roughness. 
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Figure 12. Compari~son of profiles from several systems on a rough asphalt 
road with patching and cracking. 



trailer in another study, including unpaved roads that were about twice as rough as the 
worst in this project, wheel bounce was not a problem in determining roughness 
statistics.[l0] Thus, it is expected that with proper scaling, the trailer can be used for 
measuring roughness indices for any realistic level of roughness. The other project did not 
include special events such as the bridge crossing and railroad crossing sites, and it is 
unfortunate that the data for these sites had to be rejected due to the digitizer problem. 

At the other extreme, figure 13 compares the profiles obtained from the APL and 
several other systems on the smoothest site. The figure does not show any visible 
influence of exeaneous vehicle vibrations in the APL profile. 

Additional profiles from the APL trailer are shown in figures 2 and 3. 

Measurement of Roughness Indices 

Figure 14 shows a comparison of the IN and MO roughness measures computed from 
profiles of the APL and the reference. The APL trailer gives consistent results for all of the 
tests, and visually indicates the type of accuracy that can be expected. The upper plots in 
the figure show that the APL is quite accurate for measuring IRI for roughness levels less 
than 5 d m .  On the rougher sites, the APL measures tend to be a little lower than the 
reference measures. 

The ability of the APL to measure IRI was also tested in the International Road 
Roughness Experiment (IRRE) in Brasilia, ~razil[lO]. The test design was similar to that 
of the RPM, and therefore it may be appropriate to mention those results here, especially 
since there were some differences in the test conditions and equipment which should be 
noted. In the Brasilia study, the sites were 320 m in length, rather than the 160 m used to 
compute IRI in this study. As a result, an identical instrument would be expected to show 
better accuracy with the longer IRRE sites, since more averaging occurs during 
measurement. The Brasilia study included unpaved roads, with roughness levels up to 15 
mkm IRI. But for the paved roads, the roughness range was greater in the RPM, 
including both pavements smoother than the smoothest in Brasilia, and pavements rougher 
than the roughest in Brasilia, The lRRE sites did not include any PCC sections. The 
accuracy in measuring IRI displayed by the APL in this study is improved over that shown 
in Brasilia, even though the sites are shorter. This probably reflects the fact that the 
instrumentation used in the RPM was assembled for the purpose of measuring profile 
signals for later analysis, whereas the setup in the IRRE was geared towards demonstrating 
the APL 72 and APL 25 methods used in France. 
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Figure 13. Comparison of several profiles, on a very smooth road 
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Figure 14. Measurement of IRI and MO with the APL trailer. 
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Good agreement between the APL and the reference is also seen for the MO index in 
the lower plots in figures 14, although the scatter of the MO on the smoother sites is larger 
than for the IRI. The M(3 relationship is slightly biased on the public roads, being lower 
on the average than the nference. 

In the IRRE held in Brazil, it was found that the APL trailer could not accurately 
measure Q I ,  which is an index based on RMSVA and used in Brazil. [lo. 131 QIr and MO 
are both defined using the RMSVA analysis, but they differ in the baselengths used. QIr 
uses basielengths of 1.0 and 2.5 m, whereas MO uses baselengths of 1.22 m (4 ft) and 
4.88 m (16 ft). The AF'L was not valid for measuring QIr, producing measures of QIr that 
were too low. The reason is that the QIr is influenced by short wavelengths that are not 
sensed by the APL trailerr. (This is particularly true on unpaved roads.) Since the MO 
analysis includes longer wavelengths, the shortest wavelengths assume less significance 
and the bias becomes smtller when MO is computed. 

Waveband Indices 

Figures 15 and 16 summarize the accuracy of the APL for a full range of 1-octave 
wavebands. For the 64-111 waveband, all measures from the APL are low, confirming that 
the trailer does not fully see the longest wavelengths. The results are closest to the 
reference when the APL is towed at the higher speeds. Although the 90 km/h data were 
invalidated due to the digi~tizing problem, the data points are shown for the 64-m waveband 
to demoristrate that the ability of the trailer to see long wavelengths is improved by towing 
it at a higher speed. The eight plots in these two figures show that at a speed of 50 km/h 
(31 mi/h), the APL gives valid measures for the wavebands covering 2- to 32-m 
wavelengths, although the! 32-m results are perhaps marginal in view of the better accuracy 
seen for ithe other wavebands. For a speed of 18 km/h (1 1 mik), the wavebands covering 
wavelengths longer than (3 m are attenuated. The best accuracy for the speed of 50 kmlh 
(31 mi/h)l is for the wavebands centered at 16,8, and 4 m, while the lower speed measures 
are best for wavebands centered at 8 and 4 m. For the shorter wavelengths, the APL is less 
consistent, particularly on the rougher sites where the APL measures are somewhat low. 
These results help explain why the IRI and MO measures were low on the roughest GMPG 
sites: the APL was not sensing the full amplitudes of the shortest wavelengths. 

Power Spectral Density (PSD) Functions 

PSD plots were geneirated for all of the profiles obtained with the APL trailer and 
comparecl with the reference measures. The PSD plots obtained from the 90 k d h  tests 
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were not consistent, as might be expected from the compression problem caused during 
digitization. All other PSD plots that were computed from valid runs (see table 4) matched 
the reference within reason. Figure 17 compares the PSDs from the APL with the rod and 
level reference on a typical site. (The reader is reminded that the PSD plots are offset 
vertically in the plots for readability.) The lowest wavenumber (longest wavelength) that 
can be accurately transduced by the APL can be seen very clearly in the figure for each of 
the three speeds. For the 18-kmlk (1 1-mi/h ) speed, the PSD matches the reference above a 
wavenumber of 0.1 cyclelm. This is a wavelength of 10 m, and corresponds to a 
frequency of 0.5 Hz. For the 55-kmlh (34-milh) speed, the PSD matches the reference 
down to a wavenumber of 0.035 cyclelm, which again corresponds to a frequency of about 
0.5 Hz. The APL is claimed to measure profile for wavelengths up to a limit 
corresponding to 0.5 Hz at the measurement speed, and figure 17 (along with every PSD 
plot obtained in the RPM) supports this claim. 

Figure 18 shows PSD functions for one of the smoothest GMPG sites, and illustrates 
an effect common with mechanical follower wheels. In all three of the APL plots, there is a 
peak at a wavenumber of about 0.5 cyclelm. This is Pust harmonic mnout of the follower 
wheel (circumference equal to two meters). Thus, the spectral peak shown in the APL 
plots, which is not evident in the rod and level plot, is the result of a component in the APL 
signal due to the rotating wheel, rather than the profile. There is also a second peak at 
exactly twice this wavenumber, which is the second harmonic. Harmonics also exist at all 
multiples of the first, but are usually obscured by the road roughness. The effect of the 
wheel harmonics can generally be seen only on very smooth surfaces. Although the 
spectral peak can be very noticeable in PSD plots, particularly when narrower bandwidths 
are used, the wheel nonuniformities are only a problem if they influence the processed 
results obtained from the measure. (The methods used to prepare the PSD plots tend to 
visually diminish these types of spectral peaks. Other methods will result in plots that 
show the peaks much more spectacularly.) The amount of nonuniformity shown by the 
APL trailer that participated in the RPM was too small to affect any of the indices 
considered, as was seen from the direct profile plot in figure 13. However, it could be a 
problem with other applications. 

Conclusion 

The APL trailer is a profilometer that is based on a completely different design concept 
than the GM-type used in all of the other participating instruments. Although the design is 
different, the results show that it is successful. The APL measure matches the true profile 
over a band of wavelengths, which correspond to frequencies of 0.5 and 20 Hz at the 
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Figure 17. PSD fu,nctions from the APL trailer on a moderately rough site. 
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measurement speed. That is, it measures longer wavelengths when it is towed at higher 
speeds. The instrument 12an be used at its normal measurement speeds to measure the IRI 
and MO, roughness indices with reasonable accuracy. Unlike the early mechanical GM- 
type profilometers, the APL is also suitable for a full range of roughness, from very 
smooth iio fairly rough. l l e  only problem experienced in the RPM involved the temporary 
setup used to transfer the data to the UMTRI computer, which precluded the analysis of the 
measures taken at high speeds and on the very roughest sites. 

Colorado (K. J. Law Model 8300 Roughness Surveyor) 

f !~u~hare  Description 
- 

K. J. Law Engineers, Inc. has developed a roughness measurement instrumentation 
system that can be readily installed in most vehicles. The system is described in the 
brochure, "Descriptive Specification for the Model 8300 Road Roughness Surveyor," 
dated 11183, and availablle from K. J. Law Engineers, Inc.[l6] It is based on the concept of 
the GM- type inertial profilometer-incorporating an accelerometer, ultrasonic road sensor, 
speed sensor, and a digital computer. Road profile is calculated during measurement for 
the purpose of computing any of a number of summary roughness indices, but the profile 
is not relcorded. Thus, profiles were not available for critical analysis as with the other 
profilometers. 

At the time of the IWM, a roughness surveyor (shown in figure 19) was under 
construction for the Colorado Department of Highways. By a cooperative arrangement 
between the Colorado DClH and K. J. Law Engineers, Inc., the completed unit participated 
in the meeting, being operated by staff from K. J, Law Engineers. At the time of the 
meeting, the system had not yet been delivered, and the RPM was part of its final checkout. 
The systc:m experienced problems during the RPM, particularly when trying to measure 
pavement surfaces with open textures that are poor reflectors of ultrasound. Following 
refinements by the manul!acturer, the system was retested in November over most of the 
public road sites that were used in the RPM. Although a few of the pavement markings 
from the RPM were gone, most of the sites began at semi-permanent markers (such as 
mileposts and highway sigps) so that retests were made over approximately the same sites. 

Tables 2 and 4 in the "Experiment" section indicate the range of surface conditions that 
were eventually covered with the Colorado system. The sites include asphalt, surface 
treatment, and PCC. Several of the PCC sites had lateral grooves that produce an open 
texture that doesn't reflect. ultrasound very well. Site 13 was a PCC site with open joints 





that might cause probllems with noncontact sensors. These sites were measured 
successfully by the system, and the results are valid. Site 7 included a portion of asphalt 
road that had not been lcoated for several years and therefore had cracks and an open 
texture. No data were obtained for this site to prove that it could be successfully handled 
by the 8300 Roughness Surveyor. 

Measurement of Roughness Indices 

The .roughness analysis installed in the Colorado unit is called a Mays meter simulation, 
and is identical to the IRI. That is, it is a quarter-car simulation, using the parameter values 
from the NCHRP 228 rqort[g], computed for a single wheeltrack, and based on a standard 
speed of 80 kmlh (50 rnilh). Although all roughness data with units of slope are presented 
in this report with units of m/km, it should be noted that the normal units for the Colorado 
measures are incheslmi. They are converted to m h n  by dividing by 63.36 (there are 
63,360 inches in a mile:). Figure 20 shows how these measures compare with the 
reference. The graph on the left shows mean values from multiple tests on each 160-m 
section, lwhile the graph on the right shows the range of values obtained in individual tests. 
The high1 roughness levels (greater than 5 mikm) from the RPM are not included in these 
plots. Several of the roughest sites were at GMPG, and the unit was not retested there after 
the RPM. The other rough sites, on the public roads, were all repaired to various degrees 
in the weeks immediately following the RPM and therefore did not have the same profile. 

There is a more-or-1e:ss constant error level in the measurement that may be due to 
lirnitatio~ls in the resolution of the ultrasonic sensor. The data indicate that the system is 
somewhat less accurate on the smoother sites than it is on the rougher sites because the 
error assumes a proportio~lately larger role when the road roughness is less. The plots also 
show that the 8300 Roughness Surveyor is capable of measuring the profile-based IRI, 
without any significant bias, and with an accuracy that will be acceptable for many uses of 
the data. 

The 8300 Roughness !Surveyor proved its ability to measure IRI, a standard roughness 
index on smooth to moderately-rough roads. Measures obtained from the Model 8300 are 
compatible with those obtained with other profilometers. The system appeared to have 
difficulty on some types of surface, however, and therefore its reliability for some road 
types-particularly rough roads and roads with open textured surfaces-remains to be 
demonstrated. 
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Figure 20. Measurement of IRI with the Colorado roughness surveyor. 



FHWA Profilometet: Infrared Version 

Harthare Description 

The project under which this work was performed originally focused on the design and 
construc:tion of a profilometer system for the FHWA, capable of measuring both profile 
and rut depth. A photolgraph of the profilometer is shown in figure 21. A detailed 
descripti.on of this system is planned as the final report for this project, and therefore only a 
brief overview is given here. The system follows the GM-type inertial profilometer 
concept, with the provision that noncontacting sensors are used to measure the height of the 
vehicle body above the road. 

The instrumentation and recording hardware are based on the IBM-PC family of 
microcomnputers. The PC was equipped with an expansion chassis (needed to plug in all of 
the special function cards used), extra memory (640 kbytes total), a digitizer, a bubble 
memory (containing the profilometer software), and a 3-M cartridge tape system to record 
the data. An analog box developed previously at UMTRI contains power supplies and 
amplifieirs for the analog, transducers (the height sensors and accelerometers), and also 
contains antialiasing filters to attenuate high frequencies before the signals are digitized 
(converted from voltages to numbers). 

As with other GM-type profilometers, an accelerometer is attached near each height 
sensor to obtain the vehicle motions relative to an inertial reference. To measure 
longitudinal distance, a rotor at the right-front wheel position is sensed by an inductive 
pickup. The signal from this pickup is used to trigger the digitizing of the signals. In 
addition, it is fed into a fre:quency/voltage converter to obtain a continuous speed signal. 

At thle time of the RPM, the system had just been assembled, and included only the 
mimimal software needed to acquire data. During testing, the computer memory would fill 
with data. Then, when the test was completed, the data were transferred to the tape 
cartridge. Later, the data were transferred from an IBM PC in the office to the mainframe 
computer, where the numbers were stored on conventional 9-track computer tapes. All 
processing, including the computation of the profile, was performed on the mainframe 
computer using the algoritlm that will be eventually installed in the onboard computer. 

Five signals are measured-two from the noncontacting height sensors in the right- and 
left-hand wheeltracks, the two corresponding accelerometers, and the speed signal. The 





signals are sampled at an interval of 76 mm (3 inches), as triggered by the signal from the 
inductive distance pickup. The antialiasing filters in the analog box are 4-pole Butterworth 
filters, with a cutoff frequency set by the computer to be 113 of the sample frequency (at the 
intended. test speed). 

The system senses the vehicle-to-road distance using the infrared (IR) system designed 
is sensor, and built by Southwest Research Institute under contract with the FHWA. [*I Th' 

shown in figure 22, projects a circular image approximately 76 mm (3 inches) in diameter 
onto the road surface, and detects the vehicle height using triangulation. The position of . 
the IR irnage is detected from both sides of the projected beam, so that variations in the 
reflectivl~ty of the surface can be cancelled 

E a r  tests with the IF: sensor in the laboratory indicated that its design does not always 
eliminate sensitivity to surface reflectivity,[7] and therefore efforts were made to acquire an 
alternative height sensor. Several Selcom laser sensors were obtained, and were also used 
with the system. The F'HWA profilometer was tested on the RPM sites with the IR 
sensors, which were then removed and replaced with the Selcom sensors. The system was 
then tested again, in order to obtain a measure of the comparative performance of each. 
The results obtained with the Selcom sensors are described in the sub-section following 
this one. In this report, tests of the FHWA system with infrared sensors installed are often 
identified as "Infrared or "IR." Tests made with the Selcom sensors are designated 
"Selcom, " 

Profie Plots 

The E W A  systems were configured with less filtering of long *avelengths than any 
of the other GM-type profilometers. The good response at the longest wavelengths means 
that this profilometer pralvides one of the best matches with rod and level for preparing 
profile plots with the ful1e:st level of detail. For example, figure 23 shows the comparison 
with rod ,and level, when the profiles are filtered with a moving average of 100 m. 

Figure 24 shows a cclmparison of the measures on a site with large amplitudes and 
color changes, which occur at the joints in a damaged PCC road. Figure 25 shows that the 
system allso did very well in handling the manhole cover on site 2. The system also did 
well in himdling the railroad crossing on site 3 (see figure 45). In both of these cases, the 
IR sensor was able to detect the combination of a height change and color change as it 
crossed the metal manhole cover and railroad rails. 



Figure 22. The FHWA infrared height sensor. 
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Figure 23. Measures from the FHWA profilometer on a rough road, looking 
at longer wavelengths. 
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Figure 24. Comparison of several profilometers on a PCC site with open 
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Figure 25. Comparison of several profilometers on a rough site that includes 
a manhole cover. 



On the other hand, the IR system gave erroneous data on one of the roughest sites, site 
15. Figure 26 shows how the IR system compared with several other profilometers on 
this site, when all of the results are similarly filtered with a 10-m moving average. On this 
site, profile produced from the IR system is in error, due possibly to large amplitudes and 
the IR nonlinear response, or perhaps due to changes in the reflectiveness of the surface. 
This site included extensive patching, a condition that is known to challenge the XR sensor. 
The sensor was evidently unable to measure height correctly when faced with extreme 
height changes accompanied by coloration changes, as occurs with patching. 

As table 4 in the "~x~ekmen t "  section shows, several of the runs had to be rejected 
because of a digitizing problem. More specifically, the vehicle accelerations were larger 
than anticipated with the result that the accelerometer signals saturated the digitizer. This 
problem is easily fixed by setting a slightly broader digitizing range. However, the IR 
sensor is known to become nonlinear at higher amplitudes. It is possible that when the 
digitizer range is properly set, the IR sensor will limit the performance on rougher sites at 
high speeds. Thus, while the system functioned for roughness levels that did not result in 
saturation of the accelerometer signals, it should not be inferred that extending the range of 
the accelerometers will extend the valid roughness range of the overall system. 

Additional profile plots from the FHWAIIR system are shown in figures 3,34,45, 73, 
and 74. 

Measurement ofRoughness Indices 

Figure 27 shows how IRI and MO roughness indices determined from the IR system 
profiles compare with the reference. The IR system gives results that are consistent with 
the reference for both the IRI and the MO on the GMPG sites (the two graphs on the left- 
hand side of the figure). On the public road sites (the two graphs on the right-hand side of 
the figure) there is one obvious outlier for both the IRI and MO. That data point is site 15, 
discussed earlier and shown in figure 26. 

Overall, the IR system measures IRI with high accuracy for roughness levels up to 5 
m/km. The few sites with higher roughness levels were measured without any obvious 
bias, but there is more scatter, meaning that less accuracy is obtained. Similar performance 
was observed when computing the MO index. 
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Figure 27. Measurement of IRI and MO with the IR system. 



Waveband Indices 

Figures 28 and 29 summarize the accuracy of the system, at three speeds, for a full 
range of 1-octave wavebands on the nine Gh4PG sites. The results for the 64-m waveband 
show that the IR system overresponds in several tests on the roughest sites, while agreeing 
fairly well in all other cases. The system shows good agreement on all sites for the 
wavebands centered at wavelengths of 32, 16,8, and 4 m. For the wavebands centered at 
the shorter wavelengths of 2 and 1 m, the measures from the IR system are slightly lower 
than those from the rod and level on the roughest site, while agreeing well on the others. 
For the shortest wavelengths, centered at 0.5 m, the IR system is low on the two roughest 
sites, while agreeing with the rod and level on the others. 

Power Spectral Dens@ (PSD) Functions 

The PSD plots that were obtained from this system matched those from the rod and 
level for all of the GMPCi sites at all but the longest wavelength. On the rougher sites, the 
PSD amplitude was usually high for the longest wavelength (over 100 m) when the 
profilon~eter was used at the lowest speed of 32 kmlh (20 rnilh). Figure 30 shows an 
example: on a rough site, while figure 31 shows an example on a site of medium 
roughness. At the highest wavenumbers (shortest wavelengths), the effects of the 
antialiasing filters can be seen, as they cause the rolloff at wavenumbers above 3 cyclelm. 
Thus, as configured, the system appears to be accurate on all sites down to I-m 
wavelengths, and on most of the sites, down to 0.6-m wavelengths. Because of the limited 
length of the sites at GMG, it is not possible to ascertain the longest wavelengths that can 
be measured accurately with the system. 

Additional PSD functions from the FHWAJIR system are shown in figures 69,70, 78, 
and 79. 

Conclusion 

This profilometer is stdl under development, and only parts of the overall system were 
tested in the RPM, with promising results. The transducers, data acquisition system, and 
profile computation software proved to work as intended, The IR sensors actually gave 
results that were better thim expected. Although the sensors are known to be sensitive to 
various factors that cause error, the antialiasing filters used in the data acquisition system 
seem to mitigate the problem. In most cases, the profiles that were obtained appeared to 
closely match the true profile for wavelengths covering 0.6 m to 100 m. Measures of IRI 
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and MO closely matched the reference. The measures on the roughest sites were not valid 
due to a setting in the digitizer which will be corrected in the final version. One of the 
roughest sites that was measured caused large errors in the IR sensor, which possibly 
indicates that the sensor cannot be used for some types of surface. 

FHWA Profilometer: Selcom Version 

Hardware Description 

The FHWA profilometer being developed by UMTRI was operated in two 
configurations, using two types of height sensors. The basic system with the infrared (IR) 
height sensor was described in the preceding subsection. Because of shortcomings in the 
IR sensors which could affect their adequacy, alternate sensors were obtained for testing. 
Noncontacting laser sensors marketed by a Swedish company under the name "Selcom" 
were selected, and units owned by the Federal Aviation Administration (FAA) were 
obtained on loan, Figure 32 shows one of these sensors. The Selcom works by 
triangulation, calculating height from the apparant position of a dot-image projected by laser 
onto the road surface. Tests of the FHWA profilometer with this height sensor are 
designated "Selcom." 

The Selcom sensor consists of two components: (1) a transducer assembly (shown in 
the figure), which includes the laser, detector, and optics; and (2) a signal conditioning 
unit, which includes the power supply, digitallanalog @/A) converters, a microprocessor, 
and assorted filters. Several models are available for both the transducer and conditioning 
unit. The transducers loaned by FAA have a measuring range of 128 m (5 inches) and a 
specified resolution of 0.03 mm. Other models are available with different ranges. The 
signal conditioner included the basic receiver board, which measures and updates the height 
digitally at a frequency of 16,000 Hz, and continuously converts these numbers to a 
voltage, electronically filtered to remove frequencies above 2000 Hz. Other boards are 
made by Selcom that have additional features. One, the Receiver-Averaging board, 
includes a feature to detect and reduce the impact of signal dropout. If the dot projected on 
the surface disappears from view, the signal may go to its limit, producing a large 
amplitude "glitch in the indicated height. During this condition, the Receiver-Averaging 
board holds the last value, whereas the basic receiver board available during this study does 
not. For profilometer applications the Receiver-Averaging board might be a preferable 
choice. 



Figure: 32. The Selcom laser height sensor. 



In the FHWA profilometer, both the IR sensor and the Selcom are treated as generic 
height sensors, assumed to provide a voltage output that is linearly proportional to height. 
Thus, the Selcom and IR profilometer systems are identical in every detail other than the 
height sensors and the calibration data (electrical gains and offsets) associated with the 
sensors. 

Profile Plots 

The FHWA systems were configured with less filtering of long wavelengths than any 
of the other GM-type profilometers. The good response at the longest wavelengths means 
that this profilometer provides one of the best matches with rod and level for preparing 
profile plots with the fullest level of detail, as was illustrated in figure 23 in the preceding 
sub-section. Figure 33 shows that the system also did very well in handling the manhole 
cover on site 2. 

Site 10 was on a highway with a good PCC surface that was textured with lateral 
grooves. The ability of the Selcom system to measure on the grooved surface is 
demonstrated in the profiles of figure 34. The figure also illustrates a characteristic of the 
laser height sensor which should be taken into account when using the sensor to measure 
profile. The laser image is small enough to detect cracks in the surface. This can be seen 
in figure 34 by the small downward spikes occuning at intervals in the Selcom profile. 
These are cracks picked up with the Selcom that were not sensed with all of the other 
systems. In the case of the Selcom sensor, the measures are made at such a high frequency 
(16,000 samples/sec) that it is inevitable that the cracks will be picked up. Without 
antialiasing filters, it would be a hit-or-miss proposition if the reading corresponding to the 
crack happens to be recorded or skipped. With antialiasing filters, as used in the UMTRI 
design, texture and small-amplitude cracks will be smoothed away. However, the deep 
cracks will not be completely eliminate4 and will still appear in the profile, as shown in the 
figure. The implications of having profilometers that respond to cracks are discussed later 
in the "Conclusions" section of this report. 

For the Selcom system, it is possible that the sensitivity to cracks might be eliminated 
simply by selecting a different configuration for the processing unit, replacing the receiving 
board installed on the borrowed unit with a Receiving-Averaging board. 

Site 24 at the GMPG was found to challenge the Selcom sensor. Figure 35 compares 
the profile measured with the Selcom system (at three speeds) with the rod and level 
reference. The Selcom profiles include the true profile shape (as filtered with a 10-m 
moving average in the figure), but also include an apparent "texture" not present in the 
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actual profile. Figure 36 shows a small section of the same site, enlarged to show the 
character of the "texture" in the Selcom measures. This site was surfaced with an aggregate 
consisting of white stones, approximately 25 mm in diameter, embedded in black asphalt. 
Although the site definitely has an unusual texture, the "texture" produced by the Selcom 
appears to be dominated by some type of measurement error. Since it is relatively small in 
amplitude and high in frequency, it only affects the roughness measures that include short 
wavelengths. If the source of the problem is dropout in the signal, there is the possibility 
that the Selcom averaging board could reduce or eliminate the error. 

As table 4 in the "Experiment" section shows, several of the runs had to be rejected 
because of a digitizing problem. More specifically, the vehicle accelerations were larger 
than anticipated with the result that the accelerometer signals saturated the digitizer. This 
problem is easiIy fixed by setting a slightly broader digitizing range. Unlike the IR sensor, 
which is known to become nonlinear at higher amplitudes, the Selcom is linear well beyond 
the range covered in the testing. Thus, it is possible that the valid roughness range of the 
overall system can be extended by properly setting the digitizer range. 

Additional profile plots from the FHWAISelcom system are shown in figures 23 
and 24. 

Measurement of Roughness Indices 

Figure 37 shows how the IRI and MO roughness measures obtained from the Selcom 
system compare with the reference. The plots show that the IRI measures from the 
Selcom system are extremely accurate on most of the sites, but that several of the 
measurements include a significant error. The site at GMPG that proved troublesome for 
the Selcom was identified as site 24, described above and shown in figures 35 and 36. 

The accuracy obtained with the MO analysis is not as good. The plots show that the 
measures from the Selcom system are biased, tending to be somewhat higher than the 
reference on the average. The random error (scatter) is also greater, in general, than for the 
TRI. Even though it is visible, the bias is small relative to the random error, and therefore it 
might be acceptable for some uses that might be made of the data. 

Waveband Indices 

Figures 38 and 39 summarize the accuracy of the system, at three speeds, for a full 
range of 1-octave wavebands on the nine GMPG sites. For a GM-type of profilometer 
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design, most of the long wavelength data come from the accelerometer signal, whereas the 
short wavelength data came from the height sensor. Since the IR and Selcom versions of 
the FH7NA profilometer were identical with regard to the accelerometers, data acquisition, 
and profile computation, they should perform more or less the same for analyses involving 
the longer wavelengths. Indeed, figures 28 and 38 do show similar performance for the 
wavebands covering the longer wavelengths, although with slightly less error with the 
Selcom sensors. 

The results for the (54-m waveband show that the Selcom system overresponds in 
several tests on the rouglhest sites, while agreeing fairly well in all other cases with the 
reference. The system shows good accuracy on all sites for the wavebands centered at 
wavelengths of 32,16,8!, and 4 m. For the wavebands centered at the shorter wavelengths 
of 2, 1, ;md 0.5 m, the m.easures are accurate on all of the GMPG sites except for site 24 
(see figures 35 and 36). The measures for site 24 are too high, with the error depending on 
both the waveband and the measurement speed. The error is seen to increase for the 
shorter vyravelengths and the higher measurement speeds. 

Powt?r Spectral Densi,ry (PSD) Functions 

The PSD plots that wt:re obtained from this system agreed well with those from the rod 
and level for all of the GMPG sites at all but the longest wavelength. However, on the 
rougher tiites, the PSD am.plitude was usually high for the longest wavelength (over 100 m) 
when tht: profilometer \nilas used at the lowest speed of 32 km/h (20 milh). Figure 40 
shows example PSD plots on a site having moderate roughness. At the highest 
wavenunibers, up near 5 cyclelm (wavelengths near 0.2 m), the effects of the antialiasing 
filters can be seen in the attenuation of the PSD amplitude. Thus, as configured, the 
system appears to be accurate for wavelengths down to about 0.3 m. Because of the 
limited length of the sites at GMPG, it is not possible to ascertain the longest wavelengths 
that can ble measured accurately with the system. 

Addit:ional PSD functions from the FHWA/Selcom system are shown in figures 69 
and 70. 

This profilometer is still under development, and only parts of the overall system were 
tested in the RPM, with pl.omising results. The transducers, data acquisition system, and 
profile computation software proved to work as intended. The borrowed Selcom sensors 
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were not configured with the Receiving-Averaging board that would be preferred for use in 
a pmfilometer, yet the sensors nevertheless performed well on all but one surface. In most 
cases, the profiles that were obtained appeared to closely match the true profile for 
waveler~gths covering 01.3 m to 100 m. Measures of IRI and MO closely matched the 
reference. The measures on the roughest sites were not valid due to a setting in the digitizer 
which will be corrected in the final version. One site with unusual surface properties could 
not be measured, which indicates that the sensor cannot be used for certain types of surface 
in the configuration userd. It is possible that the problem could be solved by a more 
appropriate configuratior~, but this would have to be demonstrated. 

GMPG Profilometer 

Hardware Description 

The General Motors Corporation has long been associated with the concept of a high- 
speed profilometer starti~lg with the original design by Spangler and Kelly at the General 
Motors Research Laboratory (GMRL).[~] GM has continued to own and maintain a 
profilometer since the invention, and all of the profilometers that participated in the RPM 
are based on the GM design, with the one exception of the APL trailer. 

The GM-type profilolneter consists of an instrumentation system installed in a vehicle, 
typically a van, which car1 be operated at normal highway speeds. The vertical motions of 
the vehicle body are sensled by an accelerometer, and double integrated to determine the 
vertical r:xcursions as it travels down the road. The height of the vehicle body above the 
road is sensed by a road-follower system, and that height is subtracted from the body 
motion to obtain a profile:. The first GM-type profilometer, developed and built by GM 
Research, used a mechanical follower wheel to sense vehicle height. The profile 
computations were perfonned with an analog computer. 

The current GM prof lometer, which participated in the RPM, was developed in the 
1970's to upgrade the concept to use noncontacting height sensors and a digitally based 
instrumentation system.[17] The profilometer, shown in figure 41, is owned and 
maintaine:d by the GM Proving Grounds (GMPG). Vehicle height is measured on each 
side with noncontacting laser height sensors built by the GMPG, and similar in concept to 
the comrrlercial Selcom sensors. The laser image that is projected onto the pavement has 
dimensiotis of 1.5 mm (0.06 in) by 50 mm (2 inches), with the long dimensions oriented 
transverse to the direction of travel. The signals from the laser height sensors and 





accelerometer are stored in digital form on magnetic tape, but are not processed to compute 
profile ,at the time of measurement. The profile computation is performed afterwards on a 
mainframe computer. A tape with the profiles was prepared by the data-processing staff at 
GMPG and delivered to UMTRf after the Meeting. 

As shown by table 4- in the "Experiment" section, the GMPG system was operated at 
the three speeds of 24, ,56, and 80 kmJh (15, 35, and 50 milh). Three sample intervals 
were used: 9.17 mrn (109 sampleslm), at the speed of 24 kmlh; 18.2 mm (55 sampleslm) 
at 56 knllh; and 37.0 mrr.~ (27 sampleslm) at 80 kmlh. 

Profile Plots 

The profile plots obtained with the GMPG system never compared closely with the 
reference, even when identical filtering was applied to both measures. Figure 42 shows 
two plots from the GMP(G system together with plots from two of the K.J. Law 690-DNC 
systems (Minnesota and Ohio) and the rod and level reference. In this figure, all profiles 
are filtered with a 10-111 moving average. The figure shows that the GMPG system 
replicates some of the features approximately, such as the depression that occurs at a 
longitudinal distance of ;!55 m along the horizontal axis, while other features are distorted 
such that they are not recognizable. Figure 43 shows the measures for the same site when 
longer wavelengths are included. In this case, the filter was a 50-m moving average. 
Although the major profile features are replicated in the GMPG measures, there is still 
visible distortion. 

The profile plots did not reveal any failures of the laser height sensor, even though 
many of the public road sites were selected because they had features that were thought 
might challenge this type of sensor design. In comparing the plots in figures 42 and 43 
with those shown for the FHWAISelcom system in figures 35 and 36, it can be seen that 
the texture of site 24 caused a high-frequency noise problem with the Selcom laser sensor, 
whereas the GMPG sensor performed as it is supposed to. One major difference between 
the GMF'G and Selcom lasers is that the GMPG profilometer projects a wide image onto 
the surface, to make it less sensitive to small texture effects. Figure 44 shows the profile 
measured for a PCC site with lateral grooves. The GMPG system did not pick up 
extraneoiis noise due to the grooves, but, as with the other profiles, the basic profile shape 
only approximately matches the other systems. 

This system was the o:nly profilometer that proved capable of capturing the fine details 
of the railroad crossing om site 3, as shown in figure 45. Figure 33 also showed that the 
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system picks up the details of the manhole cover, although the overall profile shape is 
distorted. 

The GMPG profilometer is capable of detecting cracks in the pavement. Although 
some are smoothed by the antialiasing filters used when digitizing the data, the larger 
cracks are not eliminated. The implications of this are discussed in the "Conclusions" 
section of the report. 

Many of the measures from this system did not start at the intended location. The 
starting position often differed by more than 50 m. Because the profiles did not visibly 
match the profiles from the other systems very well, it proved tedious and difficult to 
determine exactly where the GMPG measures began. Most of the profile data were not 
adjusted to correct for the error in starting location, and therefore the analyses performed 
with the GMPG profiles do not always cover exactly the same piece of road as measured 
by the other systems. 

An additional profile plot from the GMPG profilometer is shown in figure 33. 

Measurement of Roughness Indices 

Figure 46 shows how the IRI and MO roughness indices computed from the GMPG 
profilometer compare with the reference. The data in the figure show that the system can 
measure both statistics without bias and with reasonable accuracy on most of the sites, but 
that very high measures of both statistics were obtained on one of the sites (site 21). The 
PSD functions for this site, that will be shown later, show that the profilometer over- 
responds to a particular waveband. 

Waveband Indices 

Figures 47 and 48 show how accurately the GMPG system measures RMS slope over 
1-octave wavebands. For the wavebands centered at the longer wavelengths of 64 m and 
32 m (see the top two plots in figure 47), the measures from the GMPG system tend to be 
too low. For the wavebands centered at 16 m, the measures from the GMPG match the 
rod and level reference quite well. For a GM-type of profilometer design, the response for 
all of these wavelengths originates almost completely from the accelerometer signal, and 
therefore the difference in the results for these wavebands is caused by the processing 
method used to handle the accelerometer measures. The figures show that, for the 
wavebands centered at wavelengths ranging from 0.5 to 16 m, the RMS slope measures 
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Figure 47. Measurement of waveband indices for the longer wavelengths 
with the GMPG profilometer. 
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Figure 48. Measurement of waveband indices for the shorter wavelengths 
with the GMPG profilometer. 



from the GMPG system approximately match the rod and level for most of the sites. For 
all of these wavebands except the 16 m, there are a few measures that show substantial 
error, usually by being much higher than the true value. The waveband measures that are 
in error are not common on a single site; thus, the profile measures on a particular site 
might be accurate for some wavebands but may be too high for others. 

Power Spectral Density (PSD) Functions 

The PSD plots from the GMPG sites indicate that the GMPG profilometer usually 
attenuates wavelengths longer than 30 m, and measures wavelengths down to a limit that is 
detennined by the measurement speed. At 80 kmk (50 milh), wavelengths are measured 
without attenuation down to 0.5 m; at 56 kmlh (35 mi/h), wavelengths are measured down 
to 0.3 m; and at 24 kmlh (15 milh), wavelengths are measured at least to the limit of 0.2 m 
(the upper limit of wavenumber at 5 cyclelm used in the plots). Figure 49 shows the PSD 
functions for site 24, which was also the source of the data shown in figures 42 and 43. 
Over the wavenumber range of 0.05 to 2.0 cyclelm, the PSD from the 80-km/h run closely 
matches the rod and level. Yet, figures 42 and 43 show that the profile is fairly distorted. 
The PSD functions show that the correct amplitudes are measured over the entire waveband 
visible in the filtered profile plot, but they do not give any information about the phase 
relationships between the different wavelengths, One possible explanation for the 
difference in the GMPG profile plots is phase distortion in the computed profile. 

Figure 49 also shows that the measure made at 24 kmk has amplitudes that are too high 
at the wavenumbers between 0.3 and 0.8 cyclelm (wavelengths between 1.2 and 3 m). At 
the same time, the amplitudes are somewhat low over the wavenumber range of 0.07 to 0.2 
cyclelm (wavelengths between 5 and 14 m). Most of the PSD functions that were obtained 
were in error over some of the wavenumbers, sometimes being high and sometimes being 
low. 

Figure 50 shows the PSD functions from the GMPG profilometer and the rod and level 
for one of the rougher sites (site 19). The agreement with the rod and level is typical for 
this system, and apparently unaffected by the high roughness level. 

Figure 5 1 shows PSD functions from the GMPG profilometer that include a large error 
in amplitude at wavenumbers near 0.5 cyclelm (2-m wavelength). The runs made at 24 and 
56 W h  (15 and 35 milh) show a large spectral peak, which is not seen in the rod and level 
reference, nor in the GMPG measurement made at 80 km/h (50 milh). In addition to the 
peak, the plots for 24 and 56 kmlh also show erroneously high amplitudes for all 
wavenumbers greater than 0.1 cyclelm (wavelengths less than 10 m). The "outlier" data 
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Figure 49. Typical PSD functions from the GMPG profilometer on a 
moderately rough site. 
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Figure 50. Typical PSD functions from the GMPG profilometer on a rough 
site. 
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Figure 51. PSD functions from the GMPG profilometer on a rough site that 
show a measurement error. 



points shown in figure 46 for the IRI and MO analyses are the measures made on this site 
(site 21). Also, the scatter plots in figure 48 show that the measures on this site were also 
outliers for the wavebands covering the shorter wavelengths. 

Overall, the PSD plots show that the GMPG system responds to wavelengths up to 
30 m most of the time, but that the measures are not always accurate at all wavelengths. 
No systematic sources of error were identified that can be related to certain wavelengths. 

The profiles obtained with the GMPG profilometer approximately matched the true 
profile, yet the agreement was not as close as seen with other profilometers based on the 
same GM-type design. The system sees wavelengths up to 30 m long, which is adequate 
for most applications involving summm roughness indices. The limitations seem to be 
caused by software, rather than hardware. The noncontacting laser height sensors 
appeared to work flawlessly on all types of surfaces, and the high sampling rate of the 
system allows measurement of extremely detailed profiles. The distortion seen in the 
profile measures might be caused by the method used to compute profile from the 
transducer signals, or perhaps from an error in the setting of an electronic component in the 
data acquisition system. Summary roughness indices computed from profile generally 
match the reference fairly well, indicating that the overall amplitude response of the system 
is correct. 

K. J. Law 690-DNC: the Minnesota, Ohio, and West Virginia 
Profilometers 

Hardware Description 

K. J. Law Engineers, Inc. (23660 Research Drive, Farmington Hills, MI 48024) 
manufactures a commercially-available, inertial-type profilometer. The original GM-type 
inertial profilometer design has been refined and improved over the years by K. J. Law 
Engineers, Inc., with the major improvements being the conversion to a digital 
instrumentation system, a noncontacting road sensor, and a digital, spatial-based 
processing method for computing the measured profile, The processing method-which is 
patented-produces profile measurements that are independent of measuring speed and 
changes in speed during measurement. 



The: model that includes these improvements is designated the model 690-DNC (where 
DNC indicates digital,, noncontacting). The noncontacting sensor in the 690-DNC 
measures the height of the vehicle above the road surface by detecting the position of a 
projected image of lighi: and using triangulation. The image is a slit, nominally 6-mm by 
150-mm at the road surf'ace, with the longer dimension oriented in the transverse direction. 
The pr~ofile is computed during measurement, using a DEC PDP 11 minicomputer. 
Normally, the signals from the accelerometers and height sensors are sampled 
approxiimately every 25 mm (1 inch) to perform profile and roughness calculations. The 
profiles are smoothed with a 305 mm (1.0 ft) moving average and decimated for storing the 
profile on 9-track computer tape at an interval of 152 mm (0.5 ft). The smoothing is 
perfomled to prevent aliasing during the decimation. The 9-track tapes use standard DEC 
file fonmats, and can be; read with any computer using the standard 9-track drives. The 
Law 690-DNC inertial profilometer system meets the requirements for ASTM Designation 
E 950, and has been purchased by EHWA for use in calibration of response-type ride 
meters. This profilomeiter will reside at the United States National Bureau of Standards, 
and is scheduled to be available to perform calibrations for State agencies beginning in the 
summe]: of 1986. 

Three Law 690-DNC profilometers participated in the RPM. They are owned and 
operated by the Ohio Department of Transportation, the Minnesota Department of 
Transpc~rtation, and the West Virginia Department of Transportation. Photographs of these 
units are shown in figures 52,53, and 54. All three of these systems were functionally 
identical, although there are minor differences in the hardware. The tapes were submitted 
to UMTRI by all three of the crews at the end of the RPM. 

The Ohio system was distinguished in the RPM by being the only profilometer to 
obtain valid measures i11 100% of its runs, which included every site. As table 4 in the 
"Experiiment" section shows, repeated runs were made on most of the public road sites. 

The crew from A M ~ ~ e s o t a  typically ran their profilometer continuously, combining test 
sites to avoid initializing; the computer for individual files. The files containing multiple 
runs were separated at UMTRI into a standard format for analysis. Tests for several sites 
were not submitted, as indicated by table 4. 

Table 4 also shows that the West Virginia system was not able to provide measures on 
all of the sites. The system experienced computer problems during the RPM, and a number 
of runs were invalidated by the operators. As indicated in the table, several runs that were 
submitted were later rejected by UMTRI, based on inspection of the plotted profiles. The 
plotted profiles also indicated that the distance interval between samples was not correct. 









Instead of the specified 152.4 mm, the actual step size was about 150.0 mrn, indicating an 
error in calibration. All of the analyses were performed using the 150-mm step size, to 
avoid problems in aligning profiles. 

Profile Plots 

All of the 690-DNC systems have identical responses to long wavelengths, which are 
determined by the software used to compute profile. The software includes a variable high- 
pass. spatial filter, which was set to 91.4 m (300 ft) for the three 690-DNC systems 
participating in the RPM. When the different systems are used with the same filter setting, 
almost identical profiles are obtained from the systems at any speed between 24 and 80 
km/h (I5 and 50 milh). Figure 55 shows nine measures of the same profile, made with 
the threre systems at h : e  speeds. Two of the measures made at 24 kmth differ slightly 
from th.e others, but overall the agreement is quite good. When considering only the 
measures made at the higher speeds of 48 and 80 kmlh, the agreement is almost perfect, 
using simple plots as the: means for comparison. As shown earlier in figure 2, the profiles 
from the 690-DNC do not match the true profile, due to the filtering built into the profile 
computation. However, when identical filtering is applied to the true profile and the 690- 
DNC profiles, as was done in figure 3, then excellent agreement is obtained. 

Figure 56 shows the good agreement obtained between the 690-DNC systems and the 
rod and level reference when the profiles are all filtered identically. Other examples of 
profiles measured with the 690-DNC systems have been shown in other sections. Figure 
25 shows the agreement between the Ohio system and the rod and level for capturing the 
profile features on a public road that include large deviations and a manhole cover. Figure 
45 shows how the Ohio system recorded a railroad track crossing, Figure 26 shows how 
two of the 690-DNC systems provided a reproducible profile on a site with highly variable 
surface properties, due to extensive cracking and patching. Other examples are shown in 
figures 2, 3, 12, 13, 34, 42, 44, 73, and 74. 

As mentioned earlier', the West Virginia unit experienced problems during the RPM. 
The ope:rators were not able to provide valid measures for all of the sites, and further, some 
of the measures submitted were found to be invalid by UMTRI. These runs were indicated 
in table 4 in the "Experiment" section. Figure 57 shows a representative trace from the 
West Virginia system that was in error, along with two valid measures of the same profile. 
The signal from the West Virginia system is typical of the output obtained with a GM-type 
profilonleter when the height sensor has been disconnected. Thus, it is possible that a 
problem related to the height sensor was the cause for the invalid runs indicated in the table. 
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Figure 55. Example of the repeatability of the K. J. Law 690 DNC. 
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Measurement of Roughness Indices 

Figures 58 through 60 show how the three 690-DNC systems performed at measuring 
the IRI and MO roughness indices. The top two plots in each figure compare the IRI 
measures from the profil.ometers with the reference, while the bottom two plots compare 
the MO measures. 

The Minnesota system provided accurate measures of IRI on all of the GMPG sites that 
were relleased to UMTRI. Overall, only one of the data points showed a significant error. 

The Ohio system pro'ved to be very accurate for measuring R I  for all of the smoother 
sites, having roughness levels under 5 mlkm. On the rougher sites, the measures are 
slightly 'low compared wiith the reference, and exhibit more scatter. 

The measures from die West Virginia system'were slightly biased, being too low. This 
effect could be caused by the error in the sample interval, as described earlier in this 
section. The bias is about the same in magnitude as the random error (scatter), and might 
be conxdered negligible for some uses of the data. As mentioned earlier, several of the 
runs submitted were judged to be erroneous by UMTRI, based on plots of the profiles (see 
table 4), There was one additional run at the GMPG which evidently should have also 
been omitted. This run appears' as an outlier in all of the plots involving summary 
statistics;. 

The results for the M(3 analysis are similar to the results tiom the IRI analysis, although 
less accuracy (as seen by more scatter) is obtained in every case. 

Waveband Indices 

The accuracy of the 690-DNC profilometers over a full range of 1-octave wavebands is 
presented in figures 61 through 66. The results from the three profilometers are seen to be 
essential.1~ the same, with the exception of a bad run inadvertently included in the West 
Virginia data. The systems show the best accuracy for the wavebands centered at 
wavelen,gths of 32, 16,8,4, and 2 m. For the waveband centered at the 64-m wavelength, 
the systems do not show significant bias, but exhibit more random error (scatter) than for 
the shorter wavelengths. For the waveband centered at the 1-m wavelength, the 
profilom~eters tend to measure too low, particularly on the rougher sites. In all of the 
results, tlhe measurement (speed does not appear to be a factor in the accuracy. 
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Figure 58. Measurement of IN and MO with the Minnesota profilometer. 
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Figure 59. Measurement of IRI and MO with the Ohio profilometer. 
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Figure 60. Measurement of IN and MO with the West Virginia 
profilorneter. 
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Figure 61. Measurement of waveband indices for the longer wavelengths 
with the Minnesota profilorneter. 
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Figure 62. Measurement of waveband indices for the shorter wavelengths 
with the Minnesota profilometer. 
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Figure 63. Measurement of waveband indices for the longer wavelengths 
with the Ohio profilometer. 
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Figure 64. Measurement of waveband indices for the shorter wavelengths 
with the Ohio profilometer. 
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Figure 65. Measurement of waveband indices for the longer wavelengths 
with the West Virginia profilometer. 
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with the West Virginia profilometer. 
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Power Spectral Demiity {PSD) Functions 

The: PSD plots from1 the 690-DNC systems generally matched those from the rod and 
level over wavelengths lfom 3 m to approximately 64 m. Because of the limited length of 
the sections measured with rod and level, it is not possible to determine the longest 
wavelengths that can actually be measured with the 690-DNC systems with a reasonable 
level of accuracy. ( M o E ~ ~  of the sites were only measured over 160-111 length with rod and 
level.) Figure 67 shows the results on one of the two sites that was surveyed for the longer 
length of 320 m. The figure shows several representative characteristics about the 690- 
DNC systems. First, the PSD functions obtained at different speeds are very similar, 
indicating that the system is independent of measuring speed, as it is designed to be. 
Second, the response at the longest wavelengths (determined by filtering included in the 
profilo~neter software) sre generally consistent, except at the lowest speed of 24 km/h (15 
milh), which differs slightly. For wavenumbers ranging from 0.016 to 0.3 cyclelm 
(wavelengths from about 3 m to 64 m), the PSD functions from the 690-DNC systems 
closely match the reference rod and level. In the figure, the attenuation of the highest 
wavenumbers is due to the moving-average smoothing filter that is applied to the profile 
before it is stored on tape. Figure 68 shows PSD functions on one of the roughest sites of 
the RPM. In this example, there is very good agreement with the rod and level for 
wavenumbers less than 10.5 cyclelm (wavelengths longer than 2 m). The attenuation of the 
short wavelengths due to the 305-mm (1-ft) moving average can be seen clearly. 

Two examples fro1~1 the public road sites are also shown. Figure 69 shows how the 
PSD functions compare from five of the profilometers on a site that was selected to 
challenge the systems that use optical height sensors. The entire length of this public road 
site was used to compute the PSD functions, and therefore more averaging occurred in the 
processling than for the shorter GMPG sites. As a result, random test variables have less 
effect, on the average, and better agreement between similar profilometers is usually 
obtained. In figure 69, :ill five systems show close agreement over the wavenumber range 
of 0.04 to 0.5 cyclelm (wavelengths of 2 to 25 m), and the four GM-type profilometers 
show agreement for wavenumbers down to ,016 cyclelm (64-m wavelength). (The APL is 
limited to wavelengths of 32-m in the figure.) The two 690-DNC systems (Ohio and 
Minnesota) show the reduced response at low wavenumbers (long wavelengths) caused by 
the fi1te:ry built into the system software. Evaluation of the response of the profilometers 
for high wavenumbers (short wavelengths) is difficult, because all of the systems differ. 
Nonetheless, the effects of the antialiasing filters can be seen on the two 690-DNC 
systems;, which show a steep rolloff for wavenumbers higher than 1.5 cyclelm. 
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Figure 67. PSD functions from the Ohio profilometer on a smooth site. 
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Figure 68. PSD functions from the Minnesota profilometer on a rough site. 
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Figure 69. PSD functions from several profilometers on a PCC site with 
faulting, open joints, and patching. 



Figure 70 shows the: PSD functions for six of the profilometers on the smoothest site of 
the RPM. On a smootlh site such as this one, any additional components in the profile 
signal will assume a greater importance. Periodic sources of error are most apparent in 
plots of PSD functions, where they appear as peaks in the spectrum. Three of the PSD 
functions in figure 70 show such peaks. The Ohio system shows a peak at 1.4 cyclelm. 
The periodic error in tht: Ohio profiles occurs on several of the smoothest sites, and only at 
the highest speed of 80 kmlh (50 milh). Although periodic errors are clearly visible in the 
PSD plots, they do not necessarily have a large enough amplitude to cause error when 
roughness indices are calculated. (The APL trailer shows a peak at 0.5, and a larger peak 
at 1.0 cyclelm, which are probably caused by nonuniformities in the tirelwheel assembly of 
the APL trailer. The Michigan DOT system shows a noticeable peak at 4 cyclelm, and 
another smaller one at 1.4 cyclelm.) None of the peaks in the PSD functions from the 
690-DNC systems were large enough to cause any noticeable error in the roughness indices 
considered in this projecit. 

Additional PSD functions from the 690-DNC profilometers are shown in figures 78 
and 79, 

The! 690-DNC was a.ble to measure profile accurately and reliably on all of the test sites 
included in the RPM. The experiment and analyses were designed to cover wavelengths up 
to 100 m, and the 690-DNC measures had good fidelity up to that limit. The system 
software attenuates wavczlengths shorter than 2 m. Although the hardware is surely capable 
of accurately measuring; shorter wavelengths, the ability of the system to measure shorter 
wavelengths cannot be: demonstrated unless the software is modified. The existing 
wavelength range is sufficient for accurate measurement of IRI and MO on all sites. The 
Ohio profilometer was the only system in the RPM that obtained valid measurements for 
100% of the runs that were submitted, proving that the system can be used with a high 
reliability. Some of the runs turned in for the other two 690-DNC systems included invalid 
runs, however, indicating that some sources of enor can go undetected in routine use. 
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Figure 70. PSD functions from several profilometers on the smoothest site 
included in the experiment. 



Michigan DOT Profilometer 

Hardware Descr@tioilr 

. The Michigan Department of Transportation (MDOT) owns and operates a GM-type 
inertial profilometer that was originally built in-house in the 1960's. Over the years it has 
been refined and imprc~ved, with the main improvement being the replacement of the 
mechanical follower wheels with noncontacting optical height sensors, also designed and 
built inhouse. As configured for the RPM, the MDOT profilometer relied on the optical 
noncon tact sensors, although some additional tests were performed with road-follower 
wheels. The system is shown in figure 71. 

The raw transducer signals (speed, distance to road, and vertical acceleration) were 
recorded in the profilonleter on an FM analog magnetic tape recorder. These data were 
played back and processed in the MDOT laboratory to produce profiles that were 
subsequently provided to UMTRI on digital 9-track tapes. During the RPM, the 
profilonleter was not ablle to measure both wheeltracks simultaneously, and therefore each 
run procluced a measure for a single wheeltrack. The profilometer also has the capability of 
computing profile during measurement; during the RPM, however, all profile computations 
were pe:dormed afterwands in the laboratory. 

As i:ndicated by table 4 in the "Experiment" section, not all of the sites were included in 
the MDOT measurements. Originally, MDOT planned to provide several tapes, with the 
profiles on each corresponding to different ranges of wavelengths. The first tape sent was 
processe:d to include the longest wavelengths possible, up to 91-m (300-ft) wavelengths. 
Some runs, not indicated in the table, could not be processed at MDOT to include the 91-rn 
wavelengths, although they were probably valid runs for many applications. 
Unfortunately, due to a misunderstanding between the staff at UMTRI and MDOT, these 
profiles were never requested by UMTRI, and they were therefore not included in the 
UMTRI analyses. 

Many of the sites were only measured in the right-hand wheeltrack with the MDOT 
profilometer. This presented a problem in the analyses, because all of the comparisons 
with the: other equipment were made on the basis of the measures in the left-hand 
wheeltrack. All of the rod and level profiles were obtained in the left-hand wheeltrack, so 
that comlparison of the NODOT system with the static reference was possible on only one 
site. The: FHWAIIR profilometer and the Ohio profilometer were both shown to be reliable 





and accurate (see the corresponding sub-sections for the descriptions of these instruments), 
and both of these systelms made measures in both the left- and right-hand wheeltracks. 
Therefore, these two sys terns were used as references for the MDOT profilometer. 

In tile course of examining some of the profiles, it was noticed that a few of the MDOT 
profiles that had been identified as the right-hand wheeltrack were actually measured in the 
left-hand wheeltrack, As a result, some of the comparisons probably show errors due to 
impropc:r identification olf the runs, rather than the instrument itself. 

ProjTle Plots 

Figure 72 compares the profile as measured with the MDOT profilometer with the 
profile 11s measured with the rod and level. Most of the time, the repeatability of the MDOT 
system was very good, yet the agreement with other profilometers was not as close. For 
example, the agreement lbetween the MDOT measures and the rod and level is not as close 
as the agreement shown in figure 2 for several of the other systems. Figure 73 shows one 
of the nnore extreme cases in which repeat runs made with the MDOT system agreed 
closely, while measures ~nade with other systems matched each other but not MDOT. This 
particular figure shows tvvo kinds of difference between MDOT and the other measures: (1) 
profile features are recognizable, but distorted; and (2) the MDOT system responds as if 
there arc: deep cracks in the pavement surface, while the other systems do not. An example 
of the first type of difference is seen in the bumps at 200 m along the horizontal axis. The 
FHWA and Ohio profilc~meters see these features one way, but the MDOT profilometer 
sees them another way, The second type of difference appears at 144 m along the 
horizontal axis, where the MDOT profiles include a large crack that is not included in the 
Ohio and FHWA measures. Figure 74 shows a closer view of these profiles. All four of 
the profiles show a deprc:ssion at 144 m, but the magnitude of the depression is 10 to 15 
mm for the Ohio and FEWA systems, and over 50 mm for one of the MDOT measures. 
One possibility is that the MDOT system experiences a measurement error, triggered by a 
surface feature. Another possibility is that the MDOT system can see cracks in more detail 
than the other systems, and conrectly records their full amplitudes. Unfortunately, since 
only a few of the systems made measures of the right-hand wheeltracks, it is difficult to 
determine the cause of this discrepancy. 

Assu.ming for a moment that the MDOT system is not in error, but does see cracks that 
other profilometers do not, there is a question about how cracks affect roughness 
measure~ments. Several of the profilometers were able to detect cracks, and the implications 
of this are discussed in the "Conclusions" section. 
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Figure 72. Measures from the Michi an DOT profilometer on a moderately i roug road. 
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Figure 73. Comparison of several profilometers on a rough, patched 
surface. 
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Figure 74. Close view of "crack" as seen by several profilorneters. 



An ;additional profile plot from the MDOT system is shown in figure 13. 

Meclsurement of Rou,ghness Indices 

Figure 75 summarizt:~ the ability of the Michigan DOT system to measure the IRI and 
MO roughness measures, as compared with the Ohio and FHWAIIR profilometers. The 
MDOT measures of IRI agree well for most of the sites, but on some, the MDOT results 
are higher than for the other profilometers. The measures of MO are nearly all too high, 
and there is greater scatter than when measuring IRI. As noted earlier, some of the MDOT 
profiles appeared to be: labelled incorrectly, with regards-to which wheeltrack was 
measured. This means that some of the scatter shown is possibly not the fault of the 
instrumc:nt. 

Waveband Indices 

The accuracy of the MDOT system over a full range of 1-octave wavebands is 
demonsimted in figures 76 and 77. For these plots, the reference is the FHWAIIR system, 
which cllosely matched the rod and level reference (see figures 28 and 29 for the validation 
using the left-hand wheeltrack). The results for the waveband centered at a 64-m 
wavelength show that a f;ew of the measures on the roughest sites were quite a bit too high, 
while the others more-or-less agree with the reference. For the other wavebands, the 
measures from the MDOT system agree better with the reference, althought they are 
typicalljr higher on the average. On the smoother sites, good accuracy is shown for the 
wavebands centered at wavelengths of 16,8, and 4 mJcycle. For the wavebands centered 
at shorter wavelengths, there is more scatter, with the scatter generally increasing as the 
center-wavelength decreases. As noted earlier, some of the MDOT profiles appeared to be 
labelled incorrectly, with regards to which wheeltrack was measured. This means that 
some of the scatter shown is possibly not the fault of the instrument. 

Powt~r Spectral Densi~y Functions 

Figure 78 compare's PSD functions from the MDOT, Ohio, and FHWAIIR 
profilometers and show close agreement for wavenumbers between 0.02 and 0.5 cyclelm 
(wavelengths from 50 m down to 2 m). For the longer wavelengths, the differences in 
PSD am1Aitude are due mainly to the high-pass filters used by the different profilometers 
when computing profile. The MDOT and Ohio profilometers use similar filters set to 
attenuate wavelengths longer than 91 m (300 ft), whereas the FHWA profilorneter was run 
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Figure 75.  Measurement of IRI and MO with the Michigan DOT 
profilometer. 
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Figure 76. Measurement of waveband indices for the longer wavelengths 
with the Michigan DOT profilometer. 
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Figure 77. Measurement of waveband indices for the shorter wavelengths 
with the Michigan DOT profilometer. 
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with no attenuation of these wavelengths. At the highest wavenumbers-above 0.5 
cyclelm-the rapid rolloff seen for the Ohio measure is due to the antialiasing filter 
employed with that system. The MDOT and FHWA instruments, which use different 
antialiasing filters, show close agreement for wavenumbers up to 0.8 cyclelm. 

Figure 79 shows the PSD functions for the profiles shown in figures 73 and 74, and 
reveals how the cracks in the road appear at different wavenumbers. There is not much 
influence for wavenumbers less than 0.4 cyclelm, but for higher wavenumbers, the PSD 
functions from the MDOT profilometer are much too high. 

The PSD plots all show a rolloff above 4 cyclelm-the result of antialiasing filters used 
when the analog profile signal was digitized in the laboratory. 

Additional PSD functions from the MDOT system are shown in figures 70 and 81. 

The Mechanical Follower- Wheel 

In the earlier years of the GM-type profilometer, vehicle height was always measured 
with a mechanical follower-wheel. Several runs were made with the MDOT profilometer 
using one of the original follower-wheels instead of the optical sensor now used. Figure 
80 compares the profile measures obtained using the different height sensors, and shows 
that the profile measurement from the mechanical system includes a high-frequency noise 
component added to the underlying profile shape. Figure 81 shows the corresponding 
PSD functions, and indicates rather clearly that the mechanical vibration of the follower- 
wheel leads to measurement error for wavenumbers above 1-cyclelm (wavelengths shorter 
than 1-mlcycle). Figure 80 also shows several spots where the follower-wheel bounced, 
resulting in measurement errors that indicate non-existant bumps at 315 m, 328 m, and 372 
rn along the horizontal axis. 

Conclusion 

The MDOT system is capable of measuring profile accurately over a broad range of 
wavelengths extending to 91 rn (300 ft). Some of the runs were not as accurate, however, 
and not all of the test conditions were covered by the data submitted. Most of the profiles 
were measured only in the right-hand wheeltrack, so that validation of the system against 
the rod and level measures was not possible. It appears that some of the runs were not 
made in the same wheeltrack location as used by the other systems, because some of the 
MDOT profiles were reproduced quite well in repeat runs by MDOT, but did not match the 
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Figure 79. PSD functions from several profilometers on a rough, patched 
surface. 
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profile measures from the other systems. Many of the sites selected to challenge the 
noncontacting sensors were not analyzed and thus the ability of the system to handle these 
conditions could not be demonstrated. 

Several runs were made with a mechanical follower-wheel, used on the early GM-type 
profilometers. The results showed measprement error due to mechanical vibration of the 
assembly, which is eliminated when the noncontacting sensor is used. 

Pennsylvania Profilometer 

The Pennsylvania Transportation Institute (PTI) currently maintains and operates a K. 
J. Law model 690 Surface Dynamics Profilometer owned by the State of Pennsylvania. 
This is a GM-type inertial profilometer closely following the original GM design, using 
mechanical follower-wheels and analog data processing. A photograph of the unit is ' 

shown in figure 82, PTI has been exploring various noncontacting height sensors to 
measure the distance between the vehicle body and ground, but for the RPM, the system 
used the regular follower-wheels (visible in figure 82), in order to provide a link with 
profilometers of the past. The original 690 system included an analog computer that 
produced profile during measurement, and a tape recorder to store that profile signal. In 
the PTI system, the unprocessed transducer signals (distance pulses, vehicle height, and 
vertical acceleration) are normally stored directly on the tape recorder. These signals are 
later digitized in the laboratory, and processed to obtain quarter-car roughness measures 
without actually computing the profile.[l9] 

Although PTI does not routinely obtain profiles, there was interest in the quality of the 
profiles that can be obtained using the accelerometer and height signals from this type of 
system, because a great deal of profile data have been collected with these systems in the 
past. Similar 690 systems are also owned by the States of Kentucky and Texas, and by the 
government of Brazil. The Michigan DOT system was also operated on a few sites using a 
similar mechanical follower-wheel, and representative results were shown in the preceding 
sub-section. 

The Pennsylvania profilometer was not operated on all of the test sites. It was used 
only on the smoother public road sites covering roughness levels between 1 and 5 m/km on 
the IRI scale, because of the tendency for the follower-wheel system to break on rough 
surfaces. The system broke during testing at the G W G  on one of the smooth sites, and it 
was not taken to the rougher test area. Unfortunately, PTI was not able to provide UMTRI 
with a standard 9-track computer tape with the measured data, and therefore no results 
could be included in this report. 





South Dakota Profilometer 

Hardware Descn'ption 

The South Dakota Department of Transportation (SDDOT) designed and built its o m  
GM-type profilometer system in 198 1. [41 The profilometer consists of a portable 
instrumentation package that can be mounted in a passenger car, and powered with an 
inverter from the electrical system of the car. Figure 83 shows the profilometer as it 
appeared during the RPM. The system is based on a DEC PBP- 11 minicomputer, which 
controls the testing and performs the profile computations. An ultrasonic road sensor (an 
instrument grade version of the Polaroid ultrasonic device used for autofocusing in 
cameras) is mounted on the front bumper along with a vertical accelerometer. The 
computer, disk drive, and electronic signal conditioners are placed in the back seat of an 
ordinary sedan passenger car. The system is controlled by an operator sitting in the front 
passenger seat, using a laptop keyboard with a liquid crystal display. 

The South Dakota system uses a unique method for computing the profile. The 
accelerometer signal is sampled at constant intervals of time (controlled by a clock in the 
computer), and is double-integrated numerically to update the absolute height of the vehicle 
at each time step. This method of computing vehicle height does not require measurement 
of the vehicle travel speed. Distance to the road, measured by the ultrasonic height sensor, 
is sampled at regular intervals along the road, as specified by the operator and detected with 
a wheel pulser. At each sampling position, the relative vehicle height (as measured with the 
ultrasonic sensor) is subtracted from the most recent value of the absolute vehicle height to 
obtain the profile elevation. The profile elevation values are recorded during measurement 
on floppy disk. 

The profile signals on the floppy disks that were obtained during the RPM were 
transferred to 9-track tape in South Dakota several weeks after the experiment, and the 
tapes were sent to UMTRI. As table 4 in the "Experiment" section shows, the South 
Dakota system made repeat measurements on all 27 of the test sites. There is no standard 
speed used with the system, as it is designed to operate at prevailing traffic speeds. On 
most of the public road sites, the measures were made at typical speeds. On the GMPG 
sites, some of the repeat runs were also made at lower speeds. 

The profile signal is nonnally sampled at a 305-mm (1.0-ft) interval. The ultrasonic 
transducer limits the sample frequency, because new measures cannot be made until the 





echos from the previous measure have dissipated. Because the limit is based on a time 
interval, a shorter sample distance can be used when the measuring speed is reduced. 
Thus, some of the lower speed tests were recorded using shorter intervals of 152 mm (0.5 
ft) or 76 mm (0.25 ft), To save disk space, the profile is stored by recording the changes 
in elevation at each sample, rather than the total elevation. (Because the changes in 
elevation are small over the sample interval, even if the elevation values are large, fewer 
digits are needed to store the profile using this method.) The original profile can be 
reconstructed later by serial addition of the differences. The profiles were recorded on disk 
with a resolution of 3.0 mm (0.01 ft)-approximately the resolution of the ultrasonic 
sensor. 

As with the other GM-type profilometers, the South Dakota system uses a filter to 
remove the longest wavelengths. For the RPM, the filter was set to remove wavelengths 
longer than 305 m (1000 ft). 

As a result of the WM, an error in the software of the profilometer was discovered by 
SDDOT and corrected. Therefore, the results obtained in the RPM may not apply to the 
current system. Even with the software error, the South Dakota system showed 
capabilities as a profilometer and the findings are relevant until the system is tested again in 
South Dakota. Thus, the results of the RPM are presented below, with the qualification 
that the system has been since modified. 

Profile Plots 

Many of the profile measurements on a given site by the South Dakota system are 
nearly identical in appearance when plotted, despite different measurement speeds. Figure 
84 shows an example of the close agreement between three runs made over the same site at 
different speeds, Comparisons of data from the profilometer and the rod and level showed 
that the South Dakota profilometer can capture the profile shape correctly, regardless of 
speed, on surfaces with high or medium roughness. Figure 85 shows an example of the 
agreement that can be obtained. 

However, the results of the RPM revealed that the unit would not produce the correct 
profiles under all conditions. Careful examination of the RPM data by SDDOT staff 
revealed that there were two separate problems with the system. One potential problem 
involved an error in the initialization of the profile computation, which occasionally causes 
the beginning of the profile to include a transient error in addition to the correct profile, as 
shown in the bottom trace in figure 86, This behavior only influences the longest 
wavelengths included in the profile, and only at the beginning of the run. It has little or no 
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affect on most summary roughness indices, such as the IRI. This peculiarity was known 
by the staff at SDDOT, but was not considered to be a serious problem because the 
profilometer is normally started before reaching a test area so that initialization effects can 
settle out. 

The second problem, discovered after the RPi'vl, was caused by a simple error in the 
way the profile is stored on disk. As mentioned earlier, the profile is recorded as a series 
of differences in elevation from one sample point to the next. The profile values were 
truncated to a convenient resolution of 3 mm (0.01 ft) before storage. The truncation 
operation is dupposed to be applied to the absolute elevation values before the differences 
are computed; however, an error was made in the software and the truncation occurred after 
the differences were computed. The software has been corrected, and SDDOT plans to 
validate the profilometer against a static profile measured in South Dakota. 

The consequence of this problem is that the measured amplitudes of the profile are 
always lower than they should be, with the effect becoming more profound when the 
difference amplitudes are small. The profiles shown in figure 87 were measured on one of 
the smoothest sites, such that the changes in elevation were often truncated to zero. Even 
when the changes were not completely eliminated, they were reduced by the truncation with 
the effect of reducing profile amplitudes. The loss becomes less evident as the surface 
roughness increases, as was seen in figures 84 and 85. Figure 88 shows how the same 
problem affects measures made using a short sample interval, As the interval is made 
shorter at lowered speeds, the differences in elevation between adjacent points become 
smaller, and therefore the truncation error becomes more significant. At the two higher 
measurement speeds used for this figure, the profilometer measures match the true profile 
overall, although details of the manhole cover at 154-111 along the horizontal axis are lost 
due to a long sample interval of 305 mm (1.0 ft), At the lowest speed of 31 kmh (19 milh) 
the sampling interval was reduced to 76 rnm (0.25 ft) such that the manhole cover becomes 
better defined. However, the profile elevation is noticeably attenuated by the truncation 
error. 

Measurement of Roughness Indices 

Figure 89 shows how the IRI and MO roughness indices computed from the South 
Dakota profile compared with the reference during the RPM. The scatter plots show that 
the system can measure the IRI and MO statistics best for roads having roughness levels 
from 2 to 5 m/km on the IRI scale. On the roughest sites at GMPG, the measures from the 
South Dakota system tend to be lower than the reference values. The measures from the 
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South Dakota system also gave low values of IRI on the smoother GMPG sites, probably 
due to the truncation error previously described. 

In addition to the truncation error described in "Profile Plots," a second roundoff effect 
remains due to the limited resolution of the ultrasound height sensor, In past studies, 
limited resolution in a profile signal has been observed to produce errors in calculating 
roughness indices, making the calculated numeric higher than the true value. 

Waveband Indices 

Figures 90 and 91 show how accurately the South Dakota system measured RMS slope 
over 1-octave wavebands at the time of the RPM. For the longer wavelengths represented 
in figure 90 , the measures from the South Dakota system tend to be too low in most 
instances. The results for the wavebands centered at wavelengths of 4 and 2 m, shown at 
the top of figure 91, show the best accuracy for this system. Except for the roughest sites 
(where the South Dakota measures tend to be lower than the reference values), the 
measures are essentially unbiased, The two plots at the bottom of figure 91 show that the 
measures for the wavebands centered at the shortest wavelengths are not biased, but they 
do include substantial random error. 

As mentioned above, a second roundoff effect exists that is due to the limited resolution 
of the ultrasonic height sensor. This effect, which makes the calculated numeric higher 
than the true value, is more significant for indices covering short wavelengths. It becomes 
negligible for wavebands covering longer wavelengths. 

Power Spectral Density (PSD) Functions 

The PSD plots that were obtained from the South Dakota measurements approximately 
match those from the rod and level on some of the GMPG sites, but often showed reduced 
amplitudes over a broad range of wavenumbers. Figure 92 shows the PSD functions for 
the same three runs that were shown in figure 85. If the South Dakota measures were 
perfect, all of the PSD plots would be parallel, separated only by a factor of 3.16 (the 
square root of 10) on the vertical scale. The measures made at 53 and 76 km/h (33 and 47 
milh) do match the rod and level for wavenumbers from .0l to 0.3 cycletm (wavelengths 
from 100 to 3 m), but at higher wavenumbers (wavelengths shorter than 3 rn) the 
amplitudes are disproportionately high. The PSD from the 31-km/h (19-milh) measure is 
known to be most influenced by the truncation problem, and does not match the reference 
PSD over any significant range of wavelengths. 
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Overall, the PSD plots show that the South Dakota system responds to a broad band of 
wavenumbers, but that the measures are not always accurate in amplitude. Improvements 
would be expected with the modification in data recording procedures to eliminate the 
truncation problem. 

Conclusion 

The profilometer built and owned by SDDOT appears to have the potential of 
measuring profile for moderately rough to rough roads over a full range of wavelengths. 
On smooth roads, the limited resolution of the ultrasonic height sensor might limit its 
accuracy. Due to an error in the system software, the actual limits of the instrument could 
not be determined from the data collected in the RPM. The error has been corrected, and 
another validation experiment is planned by the SDDOT to determine the accuracy. 

VTI Road Surface Tester 

The National Swedish Road & Traffic Research Institute (VTI) has developed a road 
surface tester for measurement of rut depth, roughness, manotextun, and friction. 161 The 
system uses an array of laser sensors on the front bumper to sense the road surface for its 
many functions. An accelerometer on the bumper is used in combination with the laser 
sensors to compute a comfort value in the range of 0 to 9. 

The VTI Road Surface Tester, shown in figure 93, was licensed to Novak, Dempsey & 
Associates, Inc. (317 West Colfax, Palatine, Illinois 60067) in the United States at the time 
of the RPM, Although the RST did not record profile at the time, it has the basic layout of 
the GM-type profilometer. An invitation was proffered for it to participate in the RPM, 
under the plan that profile recording would be added to the system by the time of the 
meeting. The VTP designers modified the system to record the accelerometer and laser 
signals on floppy disk for later profile computation. However, within the brief preparation 
time available, they could not verify the system. Subsequent to the RPM, the floppy disks 
were sent to Sweden, where profiles were computed from the data on the floppy disks. 
The profiles were then copied onto 9-track digital tape, and that tape was sent to UMTRI 
for analysis. It was soon determined that the recording attempt was unsuccessful, and 
therefore no profile data are available from that system, 



Figure 93. The' Swedish road Surface tester (RST). 



CONCLUSIONS 

Summary 

The Road Profilometer Meeting (KPM) was held in Ann Arbor, Michigan to determine 
and compare the characteristics of profilometers in use. Twelve profilometers from 
different agencies were used to measure profiles of 27 test sites. Nine of the test sites were 
located within the General Motors Proving Grounds (GMPG) at Milford, Michigan, and 
static rod and level measures were obtained on those nine sites to serve as reference 
measures. Eleven of the twelve profilometers are GM-type profilometers, in which a 
vehicle is instrumented with a vertical accelerometer (to provide an inertial reference for the 
vertical motions of the vehicle body) and a second sensor to measure the instantaneous 
height of the vehicle body above the road surface. The height and integrated accelerometer 
data are combined to yield the profile. Participating profilometers used a variety of road- 
sensing systems, that included the original mechanical follower-wheel design and a number 
of newer noncontacting systems that measure distance through the detection of reflected 
ultrasound, laser light, visible light, and infrared light. A variety of computation methods 
were also used to process the accelerometer and distance signals to obtain the profile. One 
of the profilometers, the APL trailer, is not based on the GM concept and uses a completely 
independent design to obtain the profde. 

The measured profiles were processed according to several standard analyses to 
determine the performance limits and expected accuracy of the profdometers. Each analysis 
defines an application that can be made of a profile measurement. The analyses included 
simple filtering (to remove long wavelengths) and plotting; quarter-car simulation, using 
the parameters and simulation speed recently selected to define an International Roughness 
Index (IRI); the Texas Mays meter calibration index (MO), based on the RMS vertical 
acceleration (RMSVA) analysis; a waveband analysis based on the root-mean-square 
(RMS) slope; and power spectral density (PSD) functions. 

Data were provided from ten of the profilometers. The results from these systems 
indicate that they all qualify as profilometers for at least some of the applications 
considered. (The Pennsylvania Transportation Institute was unable to copy the measured 
signals from the tape recorder used in the profilometer onto a medium that could be used at 
UMTRI to perform the analyses, The Swedish VTI system also was unsuccessful at 
providing valid profile data.) 



The main findings re:ported in the preceding "Results" section are summarized below, 
grouped. according to topics related to the operation of a profilometer. Table 7 presents an 
overview of the results obtained with each system, and serves as a focus for the following 
discussion. All of the systems shown were operated over a range of speeds. For the APL 
trailer, different results \were obtained at the different speeds, and therefore each speed is 
indicated. The GM-type systems all correct for the measurement speed and the results 
apply to all of the test speeds used. 

Identification of Bad Data 

The first two columns in Table 7 summarize the data from table 4 in the "Experiment" 
section, and are intended to give an idea of the ability of the systems to operate reliably. 
The first column shows how many of the sites were measured successfully, together with 
the number of sites that were attempted. The second column gives the percentage of invalid 
runs, including repeats. 

The APL, FHWA, Michigan, and General Motors profilometers did not have 
provisic~ns for previewing the data before submitting them to UMTRI. As a result, some 
bad runs were submitted that might otherwise have been noticed by the operators. As 
indicated in table 7, all of the bad runs from the APL trailer were due to a problem with a 
temporary digitizing setup. All but one of the bad runs from the FHWA systems were also 
due to digitizing problenis. (The VTI and Pennsylvania systems also lacked the ability to 
preview the data, and there were no valid runs from either of those systems that were 
submitted.) 

The rest of the systems-the South Dakota profilometer, the Minnesota, Ohio, and 
West Virginia 690-DNC profilometers, and the Colorado 8300 Roughness 
Surveyor-perform the profile calculations at the time of measurement, and also have the 
capability for plotting the profiles. (All but the South Dakota system are made by K. J. 
Law Engineers, Inc.) The Ohio and South Dakota systems had no invalid runs submitted, 
and the Minnesota syste:m had but one. The West Virginia profilometer experienced 
compute:r problems during the RPM which cost a great deal of time on the part of the 
operating crew. As a result, the data submitted from West Virgina had not been thoroughly 
,checked when they were submitted. 

For routine use, the ability to preview data before they are transferred to another 
computer system would appear to be an important factor in contributing to the reliable use 
of the system. 



Table 7. Overview of the profilometer results. 

Valid Sites/ Bad runs Wavelength rangea IRI roughness range IRI reproducibility 
Profilometer sites attempted Percent mlcy cle mlkm mlkm 

Colorado (Law 8300) 

---1 

rn General Motors 
N 

Michigan 

Minnesota (690-DNC) 

Ohio (690-DNC) 

South Dakota 

West Virginia (690-DNC) 

Notes: 
a The longest wavelength considered in the RPM was 90 xdcycle and the shortest was 0.35 dcycle. Wavelengths are 

shown with a resolution of I-octave. 
b Bad runs were all due to digitizing error, not the ABL trailer. 
C The Selcom system had two "outlier" measures with errors of 1.0 m/km. 



Assuming that invalid runs can be detected and discarded, then there is the principal 
questio11 about the accuracy of the instrument. No single profilometer stood out as being 
the most accurate for every application, and the different systems displayed various 
strengths and weaknesse:~. 

PrqCile Plots 

Sooner or later, every profilometer will be used for the purpose of providing a plot of 
longitudinal profile, if lb has that capability. When suitably filteied, profiles from the 
various systems can be compared visually with each other and with a static rod and level 
reference. The FHWA system (using both the Selcom and IR road sensors), the three 690- 
DNC systems, the APL trailer, and the Michigan profilometer all produce profile measures 
that march the rod and lervel reference when suitably filtered. The best agreement with the 
reference was obtained with the FHWA and 690-DNC systems, with the Michigan and 
APL pmfilometers showing a small amount of distortion in the signal. The South Dakota 
system :produced profile measurements that varied in quality, due to an error in the system 
softwm: that has since been corrected. On rougher roads, the profiles matched the rod and 
level with little distortion, but in others the agreement was only approximate. The General 
Motors profilometer also produced profile measurements that varied in quality. The profile 
plots never compared closely with the rod and level reference, but the measures generally 
replicated some surface cletails with little distortion. 

The measured profiles will not compare well with the true profile for every type of 
profile filter, however. The various profilometers see different ranges of wavelengths and 
will only provide plots of the profile that agree with a reference when the profiles are 
filtered to eliminate wavelengths outside of the bandwidth of the instrument. The 
bandwidths are discussed below, and indicated approximately in table 7 under the 
"Wavelength Range" heatding. 

Wavelength Range 

Another basis for comparison is through PSD functions, which show the profile 
amplitutles distributed over wavenumber (wavenumber is spatial frequency-the inverse of 
wavelength). The PSD functions graphically show the range of wavelengths seen by a 
given instrument. Wave'band analysis can be used to further reduce the profile information 
to a series of indices that summarize the roughness content concentrate at specific 



wavenumbers. The waveband analysis used in the RPM covered 1-octave wavebands for 
center wavelengths ranging from 0.5 m to 64 m. Each waveband included wavelengths 
from 0.71 x h to 1.4 x h, where h is the wavelength at the center of the band. Thus, the 
waveband analyses actually covered wavelength from 0.35 m (1.1 ft) to 90 m (297 ft). 
Table 7 indicates a wavelength range for each system. These ranges are given as a simple 
summary, with more detail being available for each system in the preceding "Results" 
section of this report. 

The two configurations of the FHWA system and the Michigan system covered the 
broadest range of wavelengths, from 0.35 m up to 90 m, with the FlElWA system being 
more accurate. The three 690-DNC systems were also extremely accurate, but they 

- incorporate smoothing filters that attenuate wavelengths shorter than 1.4 m (4.6 ft). The 
APL trailer responds to wavelengths lying between the temporal frequencies 0.5 and 20 Hz 
at the measurement speed. For a speed of 50 kmlh (31 milh), the wavelength range is 0.7 
to 28 m. The PSD functions from the General Motors profilometer were in general 
agreement with the reference-even though the direct plots of profile were 
distorted-indicating that the measures should be valid for computing profile indices that 
reflect only amplitude information. The South Dakota system produced profile amplitudes 
that were somewhat in enor due to an error in the system software that has since been 
corrected, and possibly also due to limitations in the ultrasonic sensor. 

While the waveband analysis and the rod and level measures were limited to the 
wavelength range of 0.35 to 90 m, some of the systems can measure wavelengths outside 
of this range. The FHWA, Michigan, and General Motors profilometers all see 
wavelengths shorter than 0.35 m. The Michigan profilometer sees wavelengths down to 
0.25 m; the General Motors system sees wavelengths shorter than the 0.20 m limit used in 
preparing the PSD plots; and with the Selcom laser sensor, the FHWA system sees 
wavelengths down to 0.25 m. Comparison with the rod and level indicates the 
FHWAISelcorn system was substantially more accurate at the extremely short wavelengths 
than any other profilometer. 

Measurement ofRoughness Indices 

The roughness measure used in the table is the IRI-a quarter-car simulation using the 
parameters specified in the NCHRP 228 report, a simulation speed of 80 km/h (50 milh), 
and calculated for a single wheeltrack (rather than the half-car simulation often used with 
two wheeltracks). The IRI computation is the same as the "Mays Meter Simulation" 
available on the Law 8300 and 690-DNC systems, although the measures are given with 



units of mkm rather than the inlmi often used (1 mlkm = 63.36 inlmi.) The accuracy of 
each system for measuring IRI is indicated approximately by the reproducibility of the 
measurt:s. Because the: sites used in the RPM were selected to include "worst case" 
surfaces, and do not represent a normal distribution of road conditions, a statistical analysis 
of the roughness data wchuld not be particularly relevant. The numbers are provided in the 
table just to give an approximate idea of the accuracy that can be expected from the systems 
when they are used on srnooth and moderately rough roads, covering IRI values less than 5 
m h ,  and using section lengths of 161 m (1110th mi). Generally, smaller errors can be 
expecteld when test lengths longer than 161 m are used. The values shown in the table 
were taken visually from the plots. The range is the maximum error that can be expected, 
rather than the RMS enror that is often obtained from statistical analysis. Most of the 
profilonleters showed a distributed scatter about the line of equality (the line of equality is 
for the condition that the measures equal the reference values), with no "outlier" points. 
The exception to this wzs the FHWAISelcom system, which showed very little error on all 
but two 161 m sections, where exceptionally large errors occurred. 

In addition to the IRI, another calibration index for response-type systems-the MO 
roughne~ss index developed in Texas-was computed from the measured profiles. The 
findings, involving MO closely paralleled those involving the IRI. In most cases, the 
relative errors in measuring MO were somewhat higher than when measuring IRI, and 
several of the systems showed a small but visible bias that was not present in the IRI 
measures. (That is, the h d 0  measures from a particular profilometer might be consistently 
too low or too high.) 

A Practical Limit to Accuracy 

Even with a profilometer that can produce "perfect" measurements, perfect 
reproducibilty in measuring profile cannot be obtained in practice because there is 
imprecision involved in locating the wheeltrack to be profiled A variation of at least 5 m is 
to be expected in locating the start of a profile measurement when the operators of the 
profilom~eter are experienced. It also appeared that a lateral imprecision of .25 m can be 
expected1 when wheeltracks are marked, and that variations of 0.5 to 1.0 m will exist when 
wheeltracks are not marked. 

The reproducibilty levels shown in table 7 include the variation associated with different 
operators and drivers measuring slightly different wheeltracks. Repeatability for some of 
the instruments was mudl better, with repeat runs carefully made at the GMPG commonly 
showing agreement within -05 m/km for some of the systems. (The measures are tabulated 



in appendix F.) This indicates the accuracy obtainable for routine use on public roads is 
not going to be improved by improvements to the profdometers, They are already accurate 
enough to achieve the practical limit imposed by the random error associated in choosing 
the wheeltrack for measurement. 

Problems with Surface Type 

The test sites were selected to include all surface types that would potentially challenge 
the various profilometer designs. Rather than coverirng a representative distribution of road 
conditions, the sites included most of the "worst case" surfaces for the various profilometer 
designs. Generally, the limitations related to surface type are due to the sensors that 
measure the distance between vehicle and road 

Mechanical Follower- Wheels 

The early GM-type profdometers used mechanical follower-wheel systems to detect the 
height of the vehicle over the road. These mechanical systems introduce at least three 
sources of measurement error: (1) rolling nonuniformities, which are relevant only on the 
smoothest sites; (2) bouncing of the wheel, which occurs on rougher sites; and (3) 
mechanical resonances of the tire and loading suspension, which can be a problem for all 
roughness levels. Several measures were made with the Michigan profilometer, and 
dramatically demonstrated the problems of bouncing and mechanical resonance. 
Comparison with measures made by the same system using using a noncontacting optical 
height sensor show how those sources of error are eliminated by replacing the mechanical 
system with a noncontacting one. A problem with follower-wheels that is more visible to 
the practitioner is that they are easily damaged and require a great deal of maintenance. 
This latter problem was demonstrated during the RPM, when the follower-wheel of the 
Pennsylvania profilometer broke during testing. 

The APL trailer has a follower-wheel integrated into its design. Unlike the follower- 
wheels used on GM-type profilometers, the APL trailer includes a well-damped suspension 
designed to keep the wheel on the ground for all roughness levels. The design also uses a 
motorcycle-type of tire that is much more rugged than the special urethane wheel associated 
with GM-type profilometers. Bounce of the follower-wheelwas not a problem for any of 
the valid runs, which included roughness levels up to 8 mikm. (The data from the very 
roughest site, and the high-speed data from the other rough sites, were not valid due to an 
unrelated digitizing problem.) The rolling nonuniformities were shown to be negligible and 
no mechanical resonances were detected in any of the runs. 



Ultrasonic Height Sensors 

Ther Colorado and South Dakota profilometers both used ultrasonic sensors to measure 
vehicle height. Ultrasonic sensors are known to have difficulty when the road surface does 
not adequately reflect sound. The Colorado system had trouble during the RPM on the 
surfaces with open textures, which turn out to be poor reflectors of ultrasound. The 
surfaces that were everitually measured with this system included some open surface 
textures, yet other sites with open textures were not measured and reported. The South 
Dakota system, on the other hand, made measures on all of the sites, regardless of their 
texture. The ultrasonic :sensor used by South Dakota had a limited resolution, which may 
degrade: the ability of the system to measure profile features on smooth roads. However, 
another problem that was more serious (and has since been corrected) prevented the 
evaluation of the system on smoother roads. 

0pl;ical Height Sensors 

The Michigan DOT profilometer and the three 690-DNC systems made by K. J. Law 
Enginetzrs, Inc. use a similar design of an optical light sensor. The 690-DNC system 
owned 1)y Ohio operated over nearly all of the surface conditions with success, proving that 
this des:ign is able to deal reliably with all of the surface types included in the RPM. Due to 
an unrel.ated problem, the Michigan DOT data were not analyzed for many of the sites with 
surfaces that included reflectiveness changes. 

The FHWA profilonieter was operated using an infrared (IR) optical sensor developed 
by the !Southwest Research Institute, under an earlier contract with FHWA. Laboratory 
tests with the sensor indicated that it might be unusable in a profilometer. However, the 
results from the RPM showed that the complete system-which included antialiasing 
smoothing filters-was relatively accurate for most of the conditions, even those including 
drastic variations in reflectiveness. On one site, where the surface had been patched 
extensively, the IR sensor gave unacceptable measures. Several of the roughest sites could 
not be processed due to a digitizing problem, and it is likely that some of the measures from 
the IR sensor were bad on these tests. Overall, the IR sensor appears to be suitable if the 
occasiorlal failure can be detected by the operator. 

Laser Height Sensors 

Threre systems used llaser designs to sense height. In addition to the infrared sensor, 
the FHTJA profilometer was also operated with commercially available sensors made by 



the Swedish Selcom Company. On most of the surfaces, the measurements made with this 
system were at least as accurate as any of the other profilometers for most applications, and 
they were the most accurate for sensing the shortest wavelengths in the profile. However, 
the sensors failed on two sites. Use of this particular sensor requires that the operators are 
able to detect the occasional errors, but otherwise it is an appropriate choice for a 
profilometer. (Note that the particular model used was loaned for the project, and does not 
have a more advanced signal processing unit that is available and might eliminate the type 
of error that was observed. If purchased, the optional Receiver-Averaging board should 
probably be included in the package as it may correct the problem.) 

The General Motors profilometer uses a laser design that is not commercially available, 
and which appeared to give accurate measures on all sites. It uses a larger projected image, 
similar to the one used in the 690-DNC and Michigan systems, to avoid the problems 
associated with a small dot-image used in some other Iaser designs. Due to a problem that 
was unrelated to the sensors, the profiles from this profilometer were generally not as 
accurate as those from some of the other profilometers. Therefore, complete evaluation of 
the GM laser sensor was not attempted. 

The Swedish VTI system uses twelve sensors made by the Selcom Company that are 
not available commercially. Because the system did not make valid profile measurements, 
the quality of the laser sensors was not determined. 

Roughness Limits 

The roughness range given in table 7 indicates the range for which valid profiles were 
obtained with each system The roughest site at the GMPG was about 8 dm, but there 
was one public road site with a roughness of 10 h. Five of the systems obtained valid 
measures on the roughest public road site, and all but the Colorado system obtained 
measures on the roughest GMPG site. By way of comparison, the correlation program 
held in 1979 for response-type road roughness measuring systems (RTRRMSs) in the 
NCHRP project used the West Virginia profilometer as a reference.[gI At that time, it used 
mechanical follower-wheels instead of the optical height sensors. The valid range of the 
profilometer was determined to be about 1 to 3.5 dm. (Rougher sites were included, but 
the profilometer measures were rejected as being not valid.) 

Most of the profilometers that use optical or laser height sensors appear capable of 
measuring roads for almost any level of roughness. The roughness ranges shown in the 
table are limited to the range covered in the RPM, but it should be noted here that the 
systems can probably obtain valid measures on even rougher roads. Some failures of the 



profilorneters to measun: the rougher sites were due to logistical problems. (For example, 
the roughest site was repiired immediately after the RPM, before measures could be made 
with some systems.) Failures to obtain measures with the APL trailer and FHWA systems 
were due to problems with temporary digitizing arrangements, which are easily corrected 

Cracks and Open Joirzts 

Several of the systems proved that they can measure cracks in the pavement. The 
Selcom laser, with its thy projected image and very high measurement update rate, is likely 
to detect every crack that is traversed. The "slit" images used by the Michigan and General 
Motors profilometers also detect cracks that are oriented transverse to the direction of 
travel. With different slystem software, the sensors used in the 690-DNC-similar in 
design to those used in the Michigan profilometer-might also respond to transverse 
cracks. These systems will also detect small openings in the joints of PCC roads that 
would go undetected witlh many other sensors. 

Most roughness analyses used with measured profile-including the IRI, the MO, PSD 
functions, and various wraveband analyses-all treat downward singularities (cracks and 
openings between joints) the same as upward singularities (patches and tar-strips). 
However, the downwardl singularities have no affect on vehicles, and therefore have no 
effect on the common perception of roughness. For example, an upward deviation of 20 
mrn will jolt the tire of a traversing vehicle, while a crack that is 20 mm deep will have no 
effect. Yet, both types of deviations will have the same effect on a roughness index or a 
PSD. When roughness indices such as the IRI and MO are computed from a profile that 
includes cracks, the roughness will not only be increased by the presence of the cracks, it 
will even be influenced by the depth of the cracks. This sensitivity is, of course, not 
appropriate. The ability to see cracks cannot really be considered a defect in the 
profilometer, for the cracks do exist in the pavement. (As profilometric applications 
develop, the ability to sense cracks may someday be considered essential.) However, 
because many profi1ome:ters do not detect the cracks, there is an incompatibility when 
applying the same analyses to profiles measured with different systems. 

When profilometers a r e  used that can detect cracks, there is a need to develop software 
to separate the cracks fro:m the rest of the profile. It might appear at first that the problem 
could be solved with app:ropriate low-pass filters, such as the antialiasing filters used with 
many of the systems. However, a singularity such as a crack appears over a wide band of 
wavenurnbers. (In theory, the bandwidth is infinite,) Thus, a low-pass filter will affect 
short wavelengths, leaving the full effects of the crack in the remaining wavelengths. Only 



a special type of filter, designed to remove singularities in one direction-filtering out 
cracks while leaving patches and tar strips-would solve the problem. 

Concluding Remarks 

The results from the RPM show that most systems that participated in the RPM and are 
considered "profilometers" do, in fact, live up to that name for most applications presently 
made of profile data. Ten of the twelve systems provided measures that were demonstrated 
to be valid. All ten can be used to measure the IRI and MO roughness indices, and will 
give results that agree with measures made with rod and level. Different amounts of error 
were shown by the various systems; however, they all produced roughness measures that, 
on the average, lay on the same scale. 

All of the profilometers can be used over a range of test speeds. The APL, Michigan, 
and General Motors profilometers require that test speed be constant during measurement, 
whereas the 690-DNC, the K. J. Law 8300 Roughness Surveyor, the FHWA, and the 
South Dakota system allow variations in speed during testing, 

All nine of the systems that record profile (or record data later used to generate profile) 
can produce profiles that match a rod and level reference, when both the reference and the 
profilometer measure have been identically filtered to remove the longest wavelengths. 
(None of the profilometers can produce a profile signal that exactly matches the unfiltered 
rod and level reference. Additional instrumentation can be used to add this capability, but 
there is no reason to do so for any of the applications considered in this report.) For direct 
profile measurement, the different systems showed widely varying capabilities. The 
profiles obtained with the all of the systems compare at least approximately with the rod 
and level on most types of road, and several of the systems can produce profile measures 
that appear visually identical to the rod and level reference. 

Some profilometers detect cracks and openings in the joints that are not treated 
realistically in the profile analyses now in use. There is a need to develop software to 
separate the cracks from the rest of the profile. 

This experiment has proved that profilometers are generally capable of measuring road 
profiles with the accuracy expected Some of the systems are so accurate that the practical 
limit on the reproducibility of their measures is the ability of the different operators and 
drivers to measure in exactly the same wheetrack. However, it was also evident that the 
systems did not always perform as expected, If profilometers are to become a reliable 
means for monitoring road roughness characteristics, more effective checks on 



perfomlance are needecl during routine use, and standardized methods for validating the 
systems at periodic intervals are warranted. These needs are encompassed in two 
recomendations: 

1. Profilometer designs should include more self-checking and diagnostic features to 
detect malfunctions during routine use, and alert the operator to measurements that 
may be in error. 

2. Standardized tests andlor test methods should be developed to allow periodic 
validation of road profilometers. The ASTh4 Committee El7 on Travelled Surface 
Characteristics is a logical forum to address this need 
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APPENDIX B: The Moving Average Filter 

A profile can be smoothed at each point by considering an average over a baselength: 

yrfj) = unfiltered "raw" vertical profile elevation for sample j 
y,(i:) = smoothed profile elevation for sample i 
k = number of samples in 112 of the moving average baselength 
b = 2 k dx = baselength of moving average 
dx = distance between samples 

In order for eq. 1 to duplicate a true moving average (as occurs in the limit when dx 
approaches zero), the value of k should not be too small. A value of 4 (9 points in the 
summation) is a reasonable lower limit. As k increases, such that the baselength is much 
longer than the sample interval, the equation approaches a true moving average. 

The computations implied by eq. 1 can be written differently, to better reflect how the 
analysis is usually performed by computer: 

Eq. :2 is recursive, meaning that the new value for y,(i) depends on the previous value, 
y,(i - 1). The second form is very efficient: even if the moving average includes thousands 
of point!;, each smoothed value is calculated just from two of the original values (at sample 
numbers; i+k and i-k- 1) and the previous smoothed value. 

A recursive formula such as eq. 2 requires an initialization, to obtain the first value of 
the smoothed signal. This value is computed using eq. 1. 

The moving average analysis is a form of digital filter: it filters out short wavelengths 
(high frequencies), leaving the longer wavelengths (low frequencies). A filter that removes 
high frequencies is called a low-pass filter, and the moving average is a specific type of a 
digital low-pass filter. When analyzing road profile, it is usually desirable to remove the 
long wavelengths, leaving the roughness associated with the short waves. That is, a high- 



pass filter is needed. The moving average is converted from a low-pass filter to a high- 
pass filter simply by subtracting the smoothed signal from the original signal: 

where yh is the high-pass filtered profile, 

Figures 2 and 3 in the report show how the high-pass moving average filter affects the 
appearance of a measured profile. In this report, the high-pass version was used in all 
applications involving filtered profile plots. The low-pass (smoothing) versions was used 
as a part of the IRI (quarter-car simulation) computation. Further, all of the profiles 
obtained with the K. J. Law 690-DNC employed a 0.3048-m (loo-ft) moving average to 
smooth the profiles before they were stored digitally on tape. 

The moving average filters require that unfiltered data be measured on either side of the 
current sample. Thus, eqs, 1 through 3 cannot be used to obtain smoothed values for the 
first k samples of the signal, nor for the last k samples at the end. In the RPM, some of the 
measurements covered short distances. This is particularly true for the rod and level data. 
In order to compare profiles measured by different methods, it was desirable to have 
filtered profiles with the same number of samples as the original unfiltered profile. This 
meant that a special technique was needed to filter the first k and last k samples in each 
signal. A simple way to do this is to add k artificial samples at the beginning and end of the 
measurement, so that the first smoothed value from the moving average filter is at the start 
of the measured profile. Several schemes were tried for generating the artificial points. 
The intent was to use a method that results in a smoothed signal that replicates the 
smoothing that a draftsman might perform in preparing plots for presentation. The method 
that gave the best results for adding to the beginning of the profile was to use the equation 

where 
- 
y ' = slope of profile (with respect to sample number) for the first k samples 
ya(i) = artificial profile point 

i = 1-k ... 0 (i 1 0 )  

Eq. 4 generates additional points that lie on a straight line that connects to the elevation of 
the first point of the measured profile. The slope 7' is computed by a linear regression 
between elevation and sample number, over the first k samples. 



The same method is used to generate artificial points at the end, using the equation 

where 
- 
y ' = slope of profile (with respect to sample number) for the last k samples 



APPENDIX C: The IRI Quarter-Car Simulation 

Response-type road roughness measuring systems can be simulated using a 
mathematical model of the vehicle and roadmeter. The quarter-car model, shown in figure 
4, has been widely used to produce the type of measure associated with response-type 
systems. These measures have been applied by profilometer users to maintain continuity 
with roughness measures made in the past, and also by users of response-type systems to 
obtain reference measures needed to calibrate the response-type systems. In the late 
1970fs, a standard set of vehicle parameters was defined and published in NCHRP Report 
228.[9] Since then, the method of quarter-car simulation has been further standardized in 
work initiated by The World Bank. The result has been the International Roughness Index 
(IRI), which is defined as the roughness measure obtained using a quarter-car simulation, 
with the N C W  228 vehicle parameters, a simulation speed of 80 km/h (50 mith), and 
processing the profile for a single wheeltrack.[lo, 11] (The distinction that processing is 
performed for a single wheeltrack comes about because quarter-car analysis can also be 
applied to two wheeltracks simultaneously.) 

The calculation of IRI is accomplished by computing four variables as functions of the 
measured profile. (These four variables simulate the dynamic response of a reference 
vehicle, shown in figure 4, travelling over the measured profile.) The equations for the 
four variables are solved for each measured elevation point, except for the first point. The 
average slope over the first 11 m (0.5 sec at 80 km/h) is used for initializing the variables 
by assigning the following values: 

where Y, represents the "a-th" profile elevation point that is a distance of 11 m from the 
'start of the profile, Y1 is the first point, and dx is the sample interval. (Thus, for a sample 
interval of dx = 0.25 m, eq. 6 would use the difference between the 45th elevation point 
and the first elevation point to establish an initial slope for the DRT computation.) 

The following four recursive equations are then solved for each elevation point, from 2 
to n (n = number of elevation measurements). 



where 

Y' = (Yi - Yi,1) / dx = islope input 

and 

Zj' = :Zj from previous position, j=1,4 

and Sij and pj are coefficients that are fixed for a given sample interval, dx. Thus, eqs. 9 
through 12 are solved for each position along the wheeltrack. After they are solved for one 
position, eq. 14 is used to reset the values of Z1', Z2', Z3', and Z4' for the next position. 
Also for each position, thle rectified slope (RS) of the filtered profile is computed as: 

The IRI statistic is the avierage of the RS variable over the length of the site. Thus after the 
above equations have bee:n solved for all profile points, the IRI is calculated as: 

n 

The above procedure is valid for any sample interval between dx=.25 m and dx=,61 m 
(2.0 ft). For shorter sample intervals, the additional step of smoothing the profile with a 
0.25-m moving average i.s recommended to better represent the way in which the tire of a 
vehicle envelops the ground. (The moving average is described in the preceding 
appendi:~.) Then the IRI[ is calculated by solving the equations for each averaged point 
using coefficients in the equations appropriate for the smaller interval. 

The computed IRI will have units consistent with those used for the elevation measures 
and for the sample interval. For example, if elevation is measured as mrn, and dx has units 
of meters, then IRI will have the preferred units: mmlm = m/km = slope x 103. The 
coefficients used in eqs. 9 through 12 are calculated from the equations of motion that 
define a quarter-car model. In the general case, they are specific to the vehicle model 
parametex values, simulation speed, and the sample interval. For the specific case of IRI, 
defined 15y the NCHRP 228 parameters and a standard 80 km/h simulation speed, they 



depend only on the sample interval. Table 8 gives the necessary coefficients for most 
sample intervals that are likely to be selected when measuaing profile with units of meters 
or units of feet, Complete instructions for measuring IRI are available in reference 11. The 
instructions include listings of computer programs that solve the equations of motion and 
also computer programs that calculate the coefficients. 



Table 8. C o e f f i c i e n t s  f o r  t h e  IRI Equa t ions ,  

dx = 100 mm, d? .OW5 sac 

dx 166.7 mn, d t  = .  ,0075015 see 

dx 333.3m. d t  8 .0149985 see 

.9942636 1.4424 57E-02 4.5903 56E-03 5.25773E-04 1 .a27 155-02 
-.6911992 .9287472 -1 ,597666 5.892596E-02 PR 8 2.288865 
3.496214E-02 !1.505154E-03 3920432 9.4727 13E-03 .3729946 
3.775608 .3928397 45.0138 e 2 3  1656 4 1.23787 



APPENDIX D: The Texas MO Index and RMSVA 

The Texas Mays meter index, MO, is a profile analysis that produces a roughness index 
used to calibrate response-type road roughness measuring systems. Conceptually, it is 
similar to the quarter-car analysis because it defines an index computed from profile that 
can be used as a reference response-type system. Rather than using a quarter-car 
simulation, an analysis called RMSVA is employed to obtain the MO index. 

RMSVA is an abbreviation for root-mean-square (RMS) vertical acceleration, 
Mathematically, RMSVAb is the RMS value of the variable VAb, which is defined as: 

where Y(x) is the profile elevation at position x. (Since RMSVA varies with b, the 
baselength is subscripted,) When b is very small, eq. 17 approximates a double 
differentiation, leading to the name "RMSVA." However, srrnall values of b are not used to 
define the MO and similar roughness indices. Although not widely recognized, RMSVA is 
also equivalent to the FMS deviation at the midpoint of a rolling straightedge of length 2.b. 
The equation for a mid-chord deviation is: 

where b is one-half of the chord length. A comparison of the above two equations shows 
that the right-hand side of eq. 17 is a re-scaled version of the right-hand side of eq. 18, 
where the scale factor is 2.b-2. This equivalence is shown in figure 6. It is sometimes 
easier to understand the RMSVA analysis by thinking of it as a mid-chord deviation, also 
called a rolling straightedge, but since it is called RMSVA by its users, that name is used 
here as well. (For the values of b that are normally used in Texas and elsewhere, figure 7 
shows that RMSVA has no relationship whatsoever with vertical acceleration.) 

Digital profile measures are typically spaced by a constant interval, and eq. 17 can be 
re-written using sample number rather than longitudinal distance to identify the individual 
profile samples: 



where 
i = sample number, 
k = an integer used to define baselength 
dx .= distance between samples 
b := k*dx = baselength 

Since the VA value at position is calculated using the profile value b meters before and b 
meters iifter the current position, VAb values cannot be calculated for the first and last b 
meters of a measured pmlfile. The RMS value is calculated as 

n-k . 
R m V A b  =A { 2 V A ~ ( ~ ) ~  }li2 

("-2.k) i=k+l 

These equations resiult in a RMSVA measure with the units: lllength, which is 
appropriate for spatial acceleration. Profile elevation and longitudinal distance are both 
variables with units of length, but usually different units are used, and therefore care must 
be taken. to convert RMziVA into the correct units. Since it will be seen that RMSVA is 
used in a regression equation to calculate a summary roughness statistic, it is critical that the 
exact units are used that we required for the regression equation. In the Texas method, the 
RMSVP, measures must 1Se converted to units of ftIsec2. The conversion is made assuming 
a constant travel speed, V, and the relationship 

The speed that is assumed in Texas for the conversion is 80 km/h (50 mith). Proper 
units are obtained when the elevation and sample interval values are converted to units of 
feet, and the speed is converted to ft/sec: V = 50 milh = 73.33 ft/sec. 

Regression analyses covering a data base of response-type measures and RMSVA 
values for various baselengths indicated that an excellent estimate of the response-type 
measure is obtained using a linear equation with two RMSVA statistics.[l2] In Texas, 
baselengths of 4 ft and 16 ft (1.2 m and 4.9 m) are combined to anive at an index known 
as the "MO: 



The above equation assumes that the RMSVA numerics have been converted to units of 
ft/sec2, The MO index has arbitrary units, but since it was derived to match measures from 
response-type systems-scaled with units of inches9mile--the MO can be considered to 
have units of incheslmile. For consistency with other measures, the MO data were 
converted to the metric slope equivalent of mlkm in this report, after they were computed 
using eq. 23. 



APPENDIX E: Power Spectral Density Functions 

A general descriptiori of the power spectral density (PSD) function and its applications 
is available from many sources, with reference 20 being one of the best. The analysis of 
road profile with PSD filnctions is not nearly as well covered as other applications, and 
therefore the specific steps used to compute the PSD functions for this report are described 
here. The following descriptions assume that the reader is familiar with the definition of 
the PSDl function and the basic approaches that are usually teken to transform a series of 
discrete measures of a variable into a series of discrete PSD values. The steps that were 
used to compute the PSD functions in this report were as follows: 

1. The elevation profile is converted to a slope profile, by taking the difference 
between adjacent elevation values and dividing by the sample interval. This step is 
taken for several reasons. Because only a finite portion of the wheetrack is 
measured, there it; an effect on the PSD computation due to the abrupt start and end 
of the profile. The transitions are much greater for elevation profiles than for slope 
~~rofile, and therefore the influence of the transitions in the computations is reduced. 
(Another method frequently used in other applications is to apply a tapered 
weighting to the signal, such as a Hanning or Hamming window. This is not 
recommended, because the middle of the signal assumes more significance than the 
bleginning and end areas.) A second reason is that a profile slope has a more-or- 
less uniform PSI), and as a result numerical round-off and truncation errors are 
nzinimized during the FFT calculations. A third reason is that the PSD functions are 
d.esired in the fonn of a slope PSD, and the transformation from elevation to slope 
must be perfomed at some stage of the processing anyway. 

2. The mean value of the slope profile is computed and subtracted from the signal. 

3. The signal is pad!ded with zeros until it contains a number of samples that is a 
power of two. For example, if the signal contains 6000 samples, 2192 values of 
zero are added to obtain a signal with 8192 points. (8192 = 213) 

4. The signal is transformed by the fast Fourier transform (FFT) into the frequency 
domain. The profile is now represented by n/2 complex coefficients that give phase 
a:nd amplitude in:formation that could be used to reconstruct the profile with a 
Fourier series of sinusoids. (n is the number of points transformed, which is a 



power of two. If there were 8192 points in the profile signal, then there are 4096 
coefficients returned.) 

5. The amplitudes of the n/2 coefficients are squared and scaled to the proper units for 
PSD. (Phase information is not used.) 

6. Adjacent PSD values are averaged to obtain smoothed PSD functions, defined at 
specific wavenumbers. The wavenumbers occur at 1-octave intervals for long 
wavelengths (each wavenumber is twice the previous value), 113-octave intervals 
for medium wavelengths (the wavenumbers increase by a factor of 2113 = 1.26), 
and 116-octave intervals for short wavelengths (the wavenumbers increase by a 
factor of 2116 = 1,1225). These wavenumbers are spread evenly on the log scale 
normally used for plotting PSD functions. Before averaging, the PSD values occur 
at wavenumbers that are equally spaced on a linear axis. Thus, there is a great deal 
of averaging at the higher wavenumbers, and relatively little at the low 
wavenumbers. For applications involving a truly random signal, the PSD function 
is always an estimate that becomes more representative as the length of the test 
approaches infinity. Greater averaging results in better PSD estimates, and there 
are equations used to calculate PSD accuracy based on the amount of averaging, 
which would be difficult to apply for this method where the averaging differs for 
each wavenumber. But remember that a road profile is not truly random, and that a 
PSB function for a road profile is not an estimate, but rather a partly reduced 
alternative representation. Thus, PSD statistical errors do not apply to this 
application, and the log averaging introduces no difficulty. 

When computing the waveband indices, the same PSD computation method was used, 
except that averaging was performed at one octave intervals over the entire range of 
wavenumbers. The PSD value for each waveband was then rescaled to yield mean square 
slope by multiplying by the bandwidth (with units of cyclelm), and then the square root 
was taken to yield RMS slope. 



APPENDIX F: Listing of Summary Data 

The large amount of' information acquired and compiled in the RPM constitues a data 
base that is a resource of longterm value, With additional analysis, the individual 
measurements could be! used to answer many other questions about the repeatability, 
accuracy, and precision of the different systems. For that reason, the individual 
measurements are listed .in tables in this appendix 

The first set of tables (numbers 9 through 31) list the IRI and MO indices computed 
from the profiles of eaclh system over each subsection of a site. Table 9 lists the values 
computed from the rod and level profile, which was available on only the GMPG sites and 
one of the public road sites. Data for the profilometers are shown in the order of 
presentation in the main text of the report. Where multiple test speeds were used, values 
for each speed are also shown. Profiles were not recorded with the K.J. Law Model 8300 
Roughness Surveyor, SO only IRI values are shown. Because a large number of repeat 
tests were run with the Roughness Surveyor, the data are summarized in terms of the 
minimu:m, mean, and maximum. 

The second set of tables (numbers 32 through 41) list the waveband amplitudes in 
m/km for each of the prc~filometers. Table 32 gives the reference values from the rod and 
level survey. The data for the profilometers follow in the same order as the systems were 
discusseld in the main part of the report. No data are given for the K.J. Law Model 8300 
Roughn~zss Surveyor, because it did not record profiles for analysis. 

Of special interest in tables 11 through 22 are the CP values computed by Centre de 
Recherches Routieres, Belgium, from the APL profile measurements. The CP is used 
extensively as a measure of roughness in other parts of the world. CRR staff observed at 
the meeting and performed separate analysis of the data obtained by the APL, as operated 
by LCPC staff. CP values from these measurements were provided to UMTRI for 
inclusio~n in the tables. The description of the processing is provided in the text of the 
following section quoted directly from the CRR report of March 11, 1986. 



Belgian Road Research Center Contribution to the Ann Arbor Profilometer Study 

"Measurements performed on the General Motor's Proving Ground were recorded 
analogically and processed a the Belgian road Research Center using the CP scale.[211 22]* This 

calculation is provided as a contribution to the evaluation of the profilometer's ability to measure 
profile for computing other statistics than the ones tested in the present report. The interest of 
this file is that it enables potentially the comparison of results of roughness evaluation of the 

profilometric type with a set of different measuring devices used in different countries and 
reduced to different roughness scales. The following cases have been compared through 
correlation to APL measurements performed on the same test tracks, processed to the CP 

0, 21,22, 23,241 

Rolling devices: 

APL Trailer 

APL Trailer 

Winkelmesser 

Viagraph 

High Speed Road Monitor 

Bump Integrator 

Mays Meter 

BPR Roughometer 

NAASRA Meter 

Static devices: 

TRRL Beam 

Rod and Level 

Holland 

France 

Switzerland 

Belgium 

Great Britain 

Great Britain 

U.S.A. 

Brazil 

Australia 

Great Britain 

Brazil 

Among the rolling devices different physical principles are used for referencing the profile: 
geometrical, inertial, dynamic responsing (quarter-car). 

The characterization of evenness (roughness) that is used in Belgium is based on a 
geometric type of representation of the longitudinal profile. This representation makes use of a 
numerical filtering of the measured profile with a moving average technique. The option taken 

' References identified by CRR can be found in the Reference section of the main tern. 



through this choice of representation offers the advantage of providing a straightforward 
geometr~ical interpretation, useful in practice. 

The characterization c ~ f  the measured profile is obtained by evaluating the difference of the 
surface profile from the reference line obtained by smoothing the same profile. The process of 
applying a moving average to the signal acts as a filter attenuating short length irregularities. For 
its application, this technique requires the numerically sampled signal recorded from the APL 
trailer. The distance markl; for sampling are provided by a pulse train issued from the measuring 
wheel of the APL mounted as an odometer. The sample interval is such that ail of the information 
contained within the banclwidth of the APL trailer is retained. (Information theory requires a 
sampling frequency at least equal to twice the higher cut-off frequency of the APL measuring 
device). 

After the recorded profile is sampled and converted to a set of numerical values, those values 
are, in turn, smoothed usin~g a moving average over an arbitrary baselength. The mean absolute 
value of the difference bet\#een the original profile and the smoothed one over a given section is 
determined. This mean value, divided by two and expressed per unit length, has been defined as 
the coefficient of evenneiss (CP: "coefficient de planeite"). The CP unit has the following 
dimension: 

1 (>P = 10-5 m (= 104 mm*/km) 

Since the mean value is divided by two, one mm of the mean absolute value is equal to 50 CP 
units. It should be noted that the process of summation involving a moving average has a value 
dependent on the baselength used. 

The interpretation of CP values are based on the following remarks: 

The coefficient of evenness for a given base smoothing length and a given block length 

is directly proportional to the mean surface area of the deviation of the measured 

longitudinal profile form the smoothed profile. 

The higher the coefficient of evenness for a given base length and a given block length, 

the poorer the quality of longitudinal evenness. - The use of the slicling mean concept (moving average) to calculate CP values 

(smoothing of the profile) amounts to filtering the measured longitudinal profile. The 

result of this filtering is to eliminate the deformations with a longer wavelength than the 

base length choslen for smoothing. Thus the effect of short span deformations is 

separated from that of long span deformations, which makes it possible to characterize 

and locate the detected irregularities. 



Computation in CP values of all APL test runs on the General Motor's Proving Ground were 
performed for the following choice of parameters: 

length of sections: 100 meters and 0.1 mi. 

sampling rate (digital conversion): 116 m at 18 kmlh 

1/3 m at 54 and 90 kmlh 

moving average base lengths: 

at 18 kmlh 2 .5 -5 -18 - l 2m  

at 54 k w h  2 .5 -5 -10-12-15-30m 

at 90 kmlh 2 .5 -5 -10-12-15-30-40-50m 

In Belgium, where the CP scale has been adopted by the State Road Association, APL and 
CP are used to assess level of acceptance for newly built cement concrete layers using APL at a 
speed of 6 m/s (21.6 km/h) and processing to CP with a 15 meters base and over a 100 meters 
section. APL and CP are also used on national networks and highways to monitor pavement 
roughness for the purpose of maintenance management. This is done a two possible speeds, 
depending on rideability condition: 

54 km/h: CP bases 2.5, 10 and 30 meters, 100 m sections 

72 km/h: CP bases 2.5,10 and 40 meters, I00 m sections 

The CP scale is implemented in Marocco and is in a process of implementation in France" 



Table 9. Summary of the IRI and MO values from the rod and level profiles 

Site 

19.10 

20.10 

21.10 

22.10 

23.10 

24.10 

25.10 

26.10 
26.20 

27.10 
27.20 

IRI mikm 

8.27 

7.23 

4.89 

7.66 

2.44 

2.88 

3.00 

1.96 
1.40 

2.57 
2.30 

MO mlkm 

5.04 

4.85 

3.25 

5.32 

1.76 

2.16 

1.72 

0.96 
0.68 

1.51 
1.31 



Table 10. Summary of the IRI and MO values from the APL 



Table 11. Summary of the CP values from the APL on site 19 

- -- - --- 

Terst site number : 19 12 mi Coming (Holden Area)  

APL speed : 18 km/h (5 m / s )  Sample rate 116 m 

Distance (m) , C!P , Bases q 2,5 , 5 , 10 , 12 , 15 , 30 , 40 50 

E ~ t a n c e  (mi)  

APT; speed : 54 km/h (15 m / s )  Sample rate 113 m 

3 : a n c e  (m) CP Basesm 2.5 5 10 12 15 30 40 50 

D i s t ~ n c e  (mi) - 
0 - 0.1 mi  
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 

APL speed : 90 km/h (25 m / s )  Sample rate 113 m 

I)istance (m) C P  Bases m 2.5 5 .10 12 15 30 40 50 
0 - l o o m  99 100 1 0 9  114 128  244 3U7 962  

Distance (mi) - 
0 - 0 . 1  mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi  
0 .3  - 0.4 mi 



Table 12. Summary of the CP values from the APL on site 20 

-- 

Test site number : 20 12 mi Going (Holden Area)  

A P L  speed : 18 km/h ( 5  m / ~ )  Sample rate 116 m 

Distance (m) C P  , Bases r q  2 , 5  , 5 , 10 , 12 , 15  , 30 , 40 50 

0 - 1 0 0 m  52 54 58 59 
100 - 200 m 73 84 106 If3 
200 - 300 m 104 151 202 208 
300 - 400 m 77 78 100 111 
400 - 500 m 
500 - 600 m 

Distance (mil 

0 - 0.1 mi 64 69 81 86 
0.1 - 0.2 mi 89 123 170 180 
0 .2  - 0.3 mi 79 79 86 88 
0.3 - 0 , 4  mi 

APL s p e d  : 54 km/h (15 m/s9 Sample rate 113 m 

Distance (m) C P  Basesm 2 , s  5 10 12 15 30 40 50 

0 - 1 0 0 m  66 65 75 85 102 171 
100 - 200 m 71 92 128 143 170 266 
200 - 300 m 113 162 228 254 293 384 
300 - 400 m , 63 68 85 97 123 244 
400 - 500 m 
500 - 600 m 

Distance (mi) 

0 - 0.1 mi 
0 .1  - 0.2 mi 
0.2 - 0.3 mi 
0 . 3  - 0.4 mi 

A P L  speed : 90 km/h (25 m/s )  Sample rate 113 m 

Distance (m) C P  Bases m 2 , 5  5 1 0  12 15  30 40 50 
0 - 100 rn 69 68 82 93 114 203 220 252 
100 - 200 m 74 100 139 154 189 312 361 398 

Distance (mi) 
0 - 0 . 1  mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0 . 3  - 0 . 4 m i  



Table 13. Summary of the CP values from the APL on site 21 

- 
Te6t site number : 21. Pontiac Tra i l  Coming (Holden A r e a )  0.3 mi 

- - - - 

APL speed : 18 km/h (5 m / s )  

- -- 

Sample ra te  116 m 

Distance (m)  - , C P  , Bases m 2,5  , 5 , 10 , 12 , 15 , 30 , 40 50 

Distance (mi)  - 

API, epeed : 54 km/h (15 m / s )  Sample rate 113 m - 
Distance (m)  - C P  Bases 2 ,5  5 10 12 15 30 40 50 

0 - LOO m 
100 - 200 m 
200 - 300 m 
300 - 400 m 
400 - 500 m 
500 - 600 m 

Distiince (mi) - 
0 - 0.1 mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi  

APL speed : 90 km/h (25 m / s )  Sample rate 113 m 

m n c e  (m)  C P  Basesm 2 , 5  5 10 12 15 30 40 50 
0 - 1 0 0 m  161 215 347 404 510 1184 1607 1729 
100 - 200 m 178 240 371 446 577 892 1052 1227 
200 - 300 m 149 189 305 362 468 831 1062 1186 
300 - 400 m 121 161 253 290 350 619 774 830 
400 - 500 m 

Distance (mi) - 
0 - 0 . 1  mi 
0 .1  - 0.2 mi  
0.2 - 0 . 3 m i  
0.3 - 0.4 mi 



Table 14. Summary of the CP values from the ML on site 22 

- - 

Test  site number : 2 2  Pontiac Trai l  Going (Holden Area) 0 , 3  mi 

APL speed : 18 km/h (5 m / s )  Sample ra te  116 rn 

Distance (m)  , C P  , Basesm 2 , 5  , 5 , 10 , 12 , 15 , 30 , 40 50 

Distance (mi)  

- -- -- - -- - 

APL speed : 54 km/h (15 m / s )  Sample rate 1 /3  m 

Distance (m) C P  Bases m 2.5 5 10 12 15 30 40 50 

Distance (mi)  

0 - 0 . l m i  
0 .1  - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi  

APL speed : 90 k m / h  (25 a/$) Sample rate  113 m 

Distance (m)  C P  Bases m 2.5 5 10 12 15 30 40 50 
0 - 100 m 174 2 3 5  3 3 5  380  4 4 0  798  1128  1339  
100 - 200 m 160 2 2 6  398  499 6 8 1  1206  1233  1 1 6 1  

Distance (mi) 
0 - 0 , l m i  
0 .1  - 0.2 mi  
0.2 - 0.3 mi  
0.3 - 0.4 mi  



Table 15. Summary of the CP values from the APL on site 23 

Tes t  site number : 23 Sound Test Coming (Holden Area) 0.3 mi 

APL speed : 18 km/h (5 m / s )  Sample rate  116 m 

&stance (m) , CP , Bases rq 2 , 5  , 5 , 10 , 12 , 15 , 30 , 40 50 

Qlstance (mi) 

APL speed : 54 km/h (15 m / e )  Sample rate  113 m 

%stance (m) CP Baeesm 2 , 5  5 10 12 15 30 40 50 

E ~ t a n c e  (mi) 

0 - 0.1 mi 
0. :L - 0.2 mi 
0. :! - 0. 3 mi 
0. :I - 0.4 mi 

APL speed : 90 km/h (25 m / s )  Sample rate  113 m 
- - 

Q.ance (m) CP B a s e s m  2 , 5  5 10 12 15 30 40 50 
0 am 100 m 50 74 113 140 191 432 580 676 
100 - 200 m 40 61 113 138 183 423 599 734 
200 - 300 m 36 54 102 127 173 386 513 588 
300 - 400 m 47 76 137 159 194 337 477 695 
400 - 500 m 
500 - 600 m 

Distance (mi) - 
0 - . O . l m i  
0.1 - 0.2 mi 
0.2 - 0.3 mi  
0 . 3  - 0 . 4 m i  



Table 16. Summary of the CP values from the BPL on site 24 

T e s t  s i t e  number  : 24 Sound T e s t  Going (Holden A r e a )  0 . 3  mi  
- - 

APE speed : 1 8  k m / h  ( 5  m / s )  Sample r a t e  116 m 

Dis tance (m) , C P  , B a s e s  rq 2 , 5  , 5 , 10  , 12 , 1 5  , 30 , 40 50 

Dis tance ( m i )  

APL speed : 54 krn/h (15 m / s )  Sample r a t e  1 / 3  m 

Dis tance ( m )  C P  B a s e s  m 2 , 5  5 1 0  12 15  30 40 50 

Dis tance (mi )  

0 - 0 . 1  m i  
0 .1  - 0 .2  mi 
0 .2  - 0 .3  m i  
0 .3  - 0.4 mi 

- 

APE speed : 90 km/h  (25 m / s )  Sample  r a t e  113 m 

Dis tance (m) C P  B a s e s m  2 , 5  5 10  12 15  30 40 50 
0 - 1 0 0 m  103 154 268 331 452 1070 1454 1646 
100 - 200 m 43 64 119 146 196 447 598 704 
200 - 300 m 47 71 129 157 207 407 572 724 
300 - 400 m 38 57 117 148 198 384 519 558 
400 - 500 m 
500 - 600 m 

Dis tance (mi )  
0 - 0 . l m i  
0 . 1  - 0.2 mi 
0.2 - 0.3 m i  
0 . 3  - 0.4 mi 



Table 17. Sumrnary of the CP values from the APL on site 25 (first pass) 

Test  site number : 21i Left lane, Accoustic Area 0 . 4  mi 

AF'L speed : 18 km/h (5 m / s )  Sample rate  116 m 

Di~ltance (m) - , CP , Bases q 2.5 , ,5 , 10 , 12 , 15 , 30 , 40 50 

=stance (mi) 

APL speed : 54 km/h (15 m / s )  Sample rate  113 m 

Distance (mi) - 
0 - 0 . 1 m i  
0 . 1  - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 

A X ,  speed : 90 km/h (25 m/ s )  Sample rate  113 m 
- - -- - - - - - 

E m c e  (m) CP Bases m 2 ,5  5 10 1 2  15 30 40 50 
0 - 100m 4 7  79 116 120  1 2 3  1 2 7  1 3 8  1 6 0  
100 a* 200 m 49 7 1  115  140  182 333 388 4 3 1  
200 .. 300 m 3 8  56 73 8 1  95 155  182 212 
300 *- 400 m 4 0  62 83 87 95 1 0 1  103 1 1 5  
400 -. 500 m 48 75 113  1 2 1  123 126  126 136 
500 *a 600 m 49 62 73 74 77 8 7  93 112 

Distance (mi) - 
0 - 0.1 mi 
0. 1 .. 0.2 mi 
0.2 .. 0. 3 mi 
0.3 ., 0.4 mi 



Table 18. Summary of the CP values from the APL on site 25 (second pass) 

Tes t  site number : 25 Left lane Accoustic Area 0 . 4  mi 

APL speed : 18 km/h (5 m / s )  Second Passage Sample ra te  116 m 

Distance (m) C P  , Bases y 2 ,5  , 5 , 10 , 12 , 15 , 30 , 40 50 

0 - 1 0 0 m  47 '90 95  98 
100 - 200 m 53 74 110 118 
200 - 300 m 51 64 73 '73 
300 - 400 m 45 62 76 79 
400 - 500 m 49 7 1  103 107 
500 - 600 m 49 64 76 77 

Distance (mi) 

APL speed : 54 km/h (15 m / s )  Sample rate  113 m 

Distance (m) C P  Bases m 2,5 5 10 12 15 30 40 50 

Distance (mi) 

0 - 0.1 mi 
0 .1  - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0 . 4 m i  

APL speed : 90 km/h (25 m / s )  Sample rate 113 m 

Distance (m) CP Bases m 2 ,5  5 10 12 15 30 4 0  50 
0 - 1 0 0 m  

Distance (mi) 
0 - 0.1 mi 
0 .1  - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0 . 4 m i  



Table 19. Sumrnary of the CP values from the APL on site 26 (first pass) 

Tiest site number : 2 6  Center Lane, Accoustic Area 0 .4  mi 

A'PL speed : 18 km/lh (5 m / s )  Sample rate 116 m 

Dietance (m)  - , C P  , Bases m, 2,5 , 5 , 10 , 12 , 15 , 30 , 40 50 

Elstance (mi) 

APL speed : 54 km/h (IS m / s )  Sample rate 113 m 

&stance (m) CP Bases m 2.5 5 10 12 15 30 40 50 

s t a n c e  (mi) 

0 - 0. l mi 
0. I. - 0.2 mi 
O.;! - 0.3 mi 
0. !I - 0.4 mi 

A P L  speed : 90 km/h (25 m / s )  Sample rate 113 m 

Distance (m) CP Bases in 2 , 5  
0 . . l o o m  2  4 
100 - 200 m 
200 - 300 m 
300 - 400 m 
400 - 500 m 
500 - 600 m 

Distance (mi) - 
0 -, 0. l mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 



Table 20. Summary of the CP values from the APL on site 26 (second pass) 

Test site number : 2 6  Center Lane Accoustic Area 0 . 4  mi 

APL speed : 18 km/h (5 m / s )  Second Passage Sample rate 116 m 

Distance (m) , C P  , Eases q 2,5 , 5 , 10 , 12 , 15 , 30 , 40 50 

Distance (mi) 

APL speed : 54 km/h (15 m / s )  Second Passage Sample rate 113 m 

Distance (m)  C P  Bases m 2,5 5 10 12 15 30 40 50 

Distance (mi) 

0 - 0.1 mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 

APL speed 1 90 km/h (25 m / s )  Sample rate 113 m 

Distance ( m )  C P  Bases rn 2,5 5 10 12 15 30 40 50 
0 - 1 0 0 m  

Distance (mi) 
0 -0.1 mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 



Table 21. Sumrnary of the CP values from the APL on site 27 (first pass) 

Test site number : 2'7 Right Lane, Accoustic Area 0 .4  mi 

APL speed : 18 km/h (5 m/s)  Sample rate 116 m 

Distance (mi) - 

APL speed : 54 km/h (15 m/e) Sample rate 113 m 

z r n c e  (m) CI? Basesm 2.5 5 10 12 15 30 40 50 

Distance (mi) - 
0 - 0.1 mi 
0.1 -. 0.2 mi 
0.2 .. 0.3 mi 
0.3 0.4 mi 

APL speed : 90 km/h (25 m/s)  Sample rate 113 m 

Distance (m) CIS Basesm 2.5 5 10 12 15 30 4 0  50 
0 - 100m 23 32 53 6 1  77 1 2 7  155 192 
100 - 200 m 3 4  6 0  127  162 222 429 495 514 
200 - 300 m 28 4 9  84 95 116 2 3 1  292 341  
300 - 400 m 3 1  45 7 4  87 1 0 7  1 7 5  234  2 8 4  
400 - 500 m 2 4  36 6 8  83 106 1 5 7  1 5 0  1 5 8  
500 - 600 m 2 5  4 1  73 8 9  113  204  234  2 5 0  

Distance (mi) -- 
0 - C ~ . l m i  
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 



Table 22. Summary of the CP values from the APL on site 27 (second pass) 

Test site number : 2 7  Right Lane Accoustic Area 0.4 mi 

APL speed : 18 km/h (5 m / s )  Second Passage Sample rate 116 rn 

Distance (m) , C P  , B a s e s m  2,5, 5 , 10 , 12 , I 5  , 30 , 40 50 

Distance (mi) 

- - - - - - 

APL speed : 54 km/h (15 m/s)  Second Passage Sample rate 113 m 

Distance (m) CP Basesm 2,5 5 10 12 15 30 40 50 

Distance (mi) 

0 - 0. l mi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 

APL speed : 90 km/h (25 m / s )  Sample rate 113 m 

Distance (m) C P  Bases m 2,5 5 10 12 15 30 40 50 
0 - 100m 

Distance (mi) 
0 -0.lmi 
0.1 - 0.2 mi 
0.2 - 0.3 mi 
0.3 - 0.4 mi 



Tablle 23. Summary of the TRI values from the K.J. Law Model 8300 Roughness Surveyor 

Site 
3.1 

4.1 
4.2 
4.3 
4.4 
4.5 

5.1 
5.2 
5.3 
5.4 

6.1 
6.2 
6.3 
6.4 

8.1 

9.1 
9.2 
9.3 
9.4 
9.5 

10.1 
10.2 
10.3 
10.4 

11.1 
11.2 
11.3 
11,4 
11.5 

12.1 
12.2 
12.3 

IRI mlkm 
Minimum 1 M a  I Maximum 

3.85 4.97 5.95 

4.29 4.70 5.05 
4.36 4.54 4.80 
3.69 4.02 4.34 
2.13 2.26 2.35 
2.84 3.10 3.35 

2.18 2.45 2.90 
2.65 2.88 3.16 
2.07 2.27 2.67 
4.58 4.58 4.58 

0.93 1.03 1.17 
1.22 1.29 1.40 
0.82 0.95 1.06 
0.88 0.98 1.09 

2.27 2.50 2.73 

1.29 1.62 i .n 
1.52 1.71 1.88 
1.78 1.95 2.07 
1.69 1.93 2.11 
1.58 1.84 2.13 

1.58 1.78 2.00 
1.61 1.82 2.05 
1.63 1.89 2.04 
2.26 2.42 2.81 

1.52 1.59 1.72 
1.72 1.82 1.99 
1.52 1.62 1.72 
1.47 1.58 1.69 
2.40 2.59 2.95 

1.40 1.64 2.49 
1.78 1.79 1 .80 
2.83 2.83 2.83 

2.64 
13.4 1.66 2.04 2.57 
13.5 2.18 2.66 3.25 



Table 24. Summary of the IEU and MO values from the FHWAIIR profilometer 



Table 25. Summary of the IlU and MO values from the FHWAlSelcom proflometer 



Table 26. Summary of the IRI and MO values from the GMPG profdometer 



Table 27. Summary of the IRI and MO values from the Minnesota profilometer 

- 
MO mlkm 

T i m  - 
6.92 
4.68 

6.47 
3.49 

5.21 

3.33 
2.94 
2.79 
1.39 
1.54 

1.43 
1.89 
1.46 

0.68 
0.88 
0.59 
0.66 

0.95 
0.84 
1.36 
1.20 
0.88 

0.74 
0.57 
0.97 
0.83 

1.05 
0.69 
0.93 
1.31 

1.12 
1.18 
1.15 
0.96 

1.28 

1.75 
1.72 
2.18 - 1.24 



Table 28. Summary of the IRI and MO values from the Ohio profilometer 



Table 29. Summary of the IRI and MO values from the West Virginia profdometer 

IRI mlkm 
Site 24 kmlh 1 48 kmlh I 80 kmlh 

8.14 
4.54 

MO m/km 
24 kmlh 1 48 kmlh 1 80 kmlh 

6.07 
3.33 



Table 30. Summary of the IRI and MO values from the Michigan DOT profilometer 



Table: 3 1, Summary of the IRI and MO values from the South Dakota profilometer 

IRI mlkm MO mlkm 
31 1 56 180 kmlh 31 1 56 180 kmlh 

6.95 6.00 5.90 4.44 4.54 4.33 

IRI mlkm MO mlkm 
Site 31 1 56 I80 kmlh 31 1 56 I80 kmlh 
14.1 - 1.80 2.51 - 1.00 1.39 



Table 32. Summary of waveband values for the rod and level measurements 



Table 33. Summary of waveband values for the APL 



Table 34. Summary of waveband values for the FHWNIR profilometer 



'Table 35. Summary of waveband values for the FHWAISelcom profilometer 

8 m  128 m 

Site 
4 
5 
6 
7 
8 
9 
10 
11 
12 
17 
19 
20 
21 
22 
23 
24 
25 
26 

- 2 7  

64 m 

4m 
32 1 56 180 kmlh 
- - 1.94 
- - 1.40 
- - 0.64 
- - 1.16 
- - 1.79 
- - 0.77 
- - 0.86 
- - 1.04 
- - 0.49 
- - 0.57 

3.22 3.15 - 
3.68 - - 

- 2.53 - 
4.45 4.58 - 
1.08 1.10 1.07 
1.21 1.33 1.48 

- 1.77 1.75 
0.56 0.55 0.51 
0.94 0.88 0.89 

Site 
4 
5 
6 
7 
8 
9 
10 
11 
12 
17 
19 
20 
21 
22 
23 
24 
25 
26 
27 

32 1 56 180 kmlh - - 2.26 
- - 1.47 
- - 1.29 
- - 1.39 
- - 1.37 
- - 0.29 
- - 1.10 
- - 0.36 
- - 0.92 
- - 0.35 

1.67 1.67 - 
1.52 - - 

- 2.25 - 
2.53 2.26 - 
1.85 1.79 1.86 
1.86 1.83 1.85 

- 0.52 0.52 
0.55 0.38 0,40 
0.61 0.63 0.64 

32 m 
32 1 56 180 kmlh 
- - 1.80 - 2.06 
- - 1.56 
- - 1.75 
- - 1.19 
- - 0.18 
- - 0.54 
- - 0.52 
- - 0.39 
- - 0.36 

0.93 0.81 - 
0.67 A - 

- 1.34 - 
1.53 1.33 - 
0.87 0.84 0.91 
0.75 0.83 0.84 

- 0.23 0.22 
0.13 420 0.27 
0.26 0.20 0.18 

16 m 

0.5 m 
32 1 56 I80 kmlh - - 3.32 
- - 2.74 - - 2.77 
- - 9.70 
- - 7.63 
- - 3.13 
- - 3.07 
- - 4.84 
- - 1.22 
- - 1.62 

10.66 10.99 - 
8.98 - 

- 3.14 - 
5.57 5.54 - 
4.96 4.14 4.04 
11.52 14.55 16.75 

- 4.57 4.63 
1.64 1.61 1.50 
7.48 8.88 7.52 

2m 
32 1 56 180 kmlh 
- - 2.70 
- - 2.06 
- - 0.83 
- - 2.07 
- - 2.99 
- - 0.83 
- - 0.91 
- - 1.25 
- - 0.67 
- - 0.73 

5.58 4.75 - 
4.97 - - - 3.62 - 
5.31 5.41 - 
1.47 1.41 1.44 
2.04 2.44 2.84 

- 1.59 1.51 
13.77 0.78 0.71 
1.28 1.49 1.36 

32 / 56 180 kmlh 
- - 1.69 
- - 1.17 
- - 0.89 
- - 1.05 
- - 1.05 
- - 0.38 
- - 0.79 
- - 0.52 
- - 0.97 
- - 0.54 

1.21 1.23 - 
1.25 - - 

- 2.60 - 
2.89 2.69 - 
1.44 1.45 1.47 
1.58 1.62 1.61 

- 0.84 0.86 
0.60 0.60 0.61 
0.83 0.83 0.83 

I 1 rn 
32 1 56 180 kmlh 
- - 2.69 
- - 1.99 
- - 1.81 
- - 4.73 
- - 5.14 
- - 1.25 
- - 1.43 - - 2.15 - - 0.88 
- - 0.97 

7.54 6.29 - 
6.19 - - 

- 3.64 - 
5.12 5.10 - 
2.64 2.57 2.42 
4.30 6.26 7.51 

- 1.97 2.43 
0.98 1.02 0.93 
2.94 3.33 2.98 

32 1 56 180 kmlh 
- - 1.23 
- - 0.76 - - 0.61 - - 1.08 
- - 0.82 
- - 0.49 
- - 0.76 
- - 0.94 
- - 0.90 
- - 0.53 

1.69 1.76 - 
1.85 - - 

- 3.10 - 
4.37 4.29 - 
1.21 1.17 1.19 
1.46 1.45 1.51 

- 0.49 0.49 
0.56 0.53 0.55 
0.74 0.74 0.75 

32 1 56 180 kmlh 
- - 1.28 
- - 1.17 
- - 0.76 
- - 0.77 
- - 0.83 
- - 0.98 - - 1.04 
- - 0.80 
- 0.62 
- - 0.53 

2.12 2.19 - 
2.39 - 

- 1.69 - 
2.51 2.59 - 
1.04 1.12 1.09 
1.11 1.31 1.22 

- 0.91 0.91 
0.50 0.51 0.49 
0.86 0.88 0.88, 



Table 36. Summary of waveband values for the GMPG profilometer 



Table 37. S u ~ i i . t y  of waveband values for the Minnesota profilometer 

-- 
Site -- 

1 
2 
4 
5 
6 
7 
9 

I 10 
11 
12 
13 
14 
15 
16 
17 
18 
21 
22 
23 
24 
25 
26 
27 -- 

Site 
1 
2 
4 
5 
6 
7 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
21 
22 
23 
24 
25 
26 

- 27 



Table 38. Summary of waveband values for the Ohio profilorneter 



Table 39. Summ.ary of waveband values for the West Virginia profilometer 

- 
Site - 

2 
6 
7 
9 
10 
11 
18 
19 
20 
23 
24 
25 
26 
27 - 



Table 40. Summary of waveband values for the Michigan DOT profilometer 



Table 41. Summary of waveband values for the South Dakota profilometer 
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