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INTRODUCTION

Background

This report presents the analysis and findings from a Road Profilometer Meeting
(RPM) held in Ann Arbor, Michigan on September 11 to 13, 1984. The program was
conducted 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 program 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 by motor vehicles. In the future, as their capabilities expand,
profilometers 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 profilometer, 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 km/h on typical paved roads.[!] However, the
instrumentation 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 surface.

As newer instrumentation and computer equipment have become available, the original
GM design concept has been retained, although incorporating many varieties of analog and
digital computers 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.[2] The British Transport and Road Research Laboratory (TRRL) 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.[3] '

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 sites. Overall, 13 independent instruments were used, including manual rod and level
measures on 10 of the sites.

Objective

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 profilometers
measure a "filtered” form 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
profilometers are capable of measuring valid profiles under some conditions. However,
their reliable use for routine purposes by highway departments further dictates that they be
functional and valid over the full range of anticipated road conditions. At a minimum, if a
profilometer cannot measure validly under some conditions, then the profilometer records
should clearly reflect the fact that questionable data are being obtained.

It is emphasized here 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
profilometers 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 profile analyses were applied to
the data, the intent was simply 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 Organization

The report is divided into five sections. An overview of the Road Profilometer Meeting
was covered by the previous 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
(mi/h) or kilometers per hour (km/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.



EXPERIMENT

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 profile. Evaluation is simplified for systems that both measure and record the profile,
although devices that do not include the additional (and expensive) hardware necessary to
record the 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
discussed 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 Profilometer Concepts

At the time of the program planning, a number of generic profilometer types were
known to exist, as described below:

GM-type Inertial Profilometers

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
Transportation 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 constant speed. The more recent models from K. J. Law Engineers,
Inc. use improved software with "spatial" filtering that compensates for speed variations
during measurements.
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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. J. 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 statistics 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.

APL

The Laboratoire Central des Ponts et Chaussees (LCPC, France) has developed a
towed trailer with a combination 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 reference. 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 organizations 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 and take copies of the profile data home for separate processing.

Swedish VTI Laser Road Surface Tester

The Swedish Road and Traffic Research Institute (VTI) has developed a system for
noncontact measurement of pavement condition. One unit is in the United States and is
operated by Novak, Dempsey & Associates, Inc. (NDA) (it is now operated by IMS, Inc.).
Both VTI and NDA were invited to participate. By agreement between the two
organizations 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 tape 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.

TRRL Laser Profilometer

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 Profilometer 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
wavelengths 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
roughness level, especially when considering that roughness varies along the length of a
road. Thus, users of analog 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
computation, to the tape storage.

Because of these amplitude 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
numbers 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 the 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 aquisition 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.[l] 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.[’]
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.[3: 6] The laser uses a single frequency
(monochromatic light), and the detector can include filters to exclude effects of ambient

10



light. Thus 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 device.

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 or 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 using an infrared light beam with two photodetectors viewing the
image from an angle.[7> 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 noncontacting 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 mentioned 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 mirror,
designed to eliminate error 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
laboratory 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
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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
(1/10th 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
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measurements within a moderate 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 measurement 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 allow speed variations during a profile measurement. Because the older systems do not
allow speed variation during 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 of the systems. Table 3 provides similar descriptions of the nine
sites located within the GMPG..

Site Identification

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
included 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 sites. 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.

< 161 m (1/10th mile) >|
k ) = = = = = = (b
...Pal nt- mark [RE————— Di r e Cti 0 n Of T r av e l \
(begin) / / $am
. 7
F Marker sign Left-hand measured
wheeltrack

Figure 1. Diagram of the site identification markings.
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Table 2. Descriptions of test sites on public roads.

Site  Length
No. - (meters) Description
1 483  Very rough bituminous with cracks and patches (patches and cracks might

2 483
3 322
4 1127
5 644
6 805
7 966
8 644
9 805
10 805
11 805

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 kmv/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)
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Site
No.

Length

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

(meters) Description

12

13

14

15

16

17

18

322

805

483

966

805

805

483

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

PCC road with faulting, open joints, and patches at joints (joints might
cause out-of-range errors; 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)

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
$ensors) ’

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

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)

Very smooth bituminous overlay (background noise in profilometer might
override the low profile amplitudes)

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)

15



Site
No.

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

Length
(meters)

Description

19

20

21

22

23
24
26
26

27

483

483

433

483

483

483

644

£

£

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)

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)

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)

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)

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

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

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

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

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 21 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.
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For convenience of data reduction and analysis, each site was divided into sections
161-m (1/10th-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 profilometers. 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-m intervals. On these sites, the operators were requested to center
the vehicle in the lane. On the GMPG sites, GMPG survey crews placed reflective tape on
the sites at 161-m 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 traffic signs.

Summary of the Meeting

The Ann Arbor Road Profilometer Meeting (RPM) was scheduled to run from
September 11 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-hand track was emphasized.

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

On Wednesday morning, 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 continuously for 1 1/2 hours, and then the profilometer groups switched locations for
another 1 1/2 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 VTI 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 UMTRIL

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.
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ANALYSES

Overview

The use of the name "profilometer" is sometimes controversial, as opinions differ as to
what qualifies an instrument as a profilometer. The name has been used in the past for a
broad range of instruments that are known to differ markedly in their measurement
capability. In one extreme, 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 reserve the name for an instrument that can replicate, point-by-point, the
profile as would be obtained manually with rod and level survey methods. Neither of these
extreme 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 profile 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 profile 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 profilometers are designed with the
intent of measuring the qualities in the roughness spectrum needed for specific applications.
An "application” is defined by an analysis that is applied to the profile, for the purpose of
assessing some property of the road surface (roughness, cracking, etc.). Validation of a

" profilometer for an application is performed most directly by applying the analysis to the
profile as measured by the 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 profilometer for that application, even if
the results are highly correlated.

A direct validation is normally difficult to perform, because the true profile is not
known. A key phase of the 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 hills and valleys, which might be desired
for mapping the longitudinal grades of a road over its entire length, are not obtained with
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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 obtained 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
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profilometers—the CHLOE profilometer, for example—but they are not considered to be - .

true profilometers of the sort that participated in the RPM, because they produce a "profile"
which does not match the true profile over any range of wavelengths.

Profile Plots

Direct 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 inspection, 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 all 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 longest wavelengths without error. The Ohio and Minnesota -
profilometers 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.

Figure 2 is included to 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
comparisons 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 has 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.

Even when profiles are filtered identically, a direct point-by-point comparison is still
not a viable 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
precision 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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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 (IRI), 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.
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These vehicle simulations 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 tire/road contact point. The stroking of the
suspension is accumulated, analogous to the measurement obtained from a roadmeter. The
final value in "inches/mile" (inches of suspension stroke per mile of travel), "m/km,"
"counts/mi," or one of many 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 describe each system. As a result, different roughness measures were
obtained. In the late 1970's, a reference quarter-car simulation (RQCS) was defined as
part of an NCHRP research project intended to establish a calibration methodology for the
roadmeter vehicles.[%] Today, this model (distinguished by a unique set of vehicle
parameters) has been adopted by most practitioners, both in the United States and
throughout the world, for calculating a roughness index from a quarter-car simulation.
When using the standard 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 mi/h), 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 km/h—is serving as an
International Roughness Index, and has been given the abbreviation IRL.[10, 11]

The plots in figure S 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
wavenumber, when the simulation speed has been fixed at 80 km/h (50 mi/h), as specified
for the IRI. Wavenumber has units of cycles/length (in this report, cycle/m 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 cycle/m. (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
(1/10th mile). The IRI numeric was always accumulated over a length of 161 m (1/10th
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
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Figure 4. Quarter-car model used as the basis of the international roughness
index (IRI).
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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 IRI from profile.

MO and RMSVA

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 "MO" 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.(12] The root-mean-square (RMS) values of the
midchord deviations are called "RMSVA," because the equations used sometimes
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 B2/2.

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 1/(2¢B) (wavelength=2+B) and all odd multiples, and is zero at
wavenumbers equal to 1/B (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,
8/3 m, 8/5 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 "inches/mile" 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 numerics, 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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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
analysis 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 profile are included in appendix D.

A conceptually similar approach lies behind the QL; index developed in Brazil.[10, 13]
QI is a weighted sum of two RMSV A 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
(1/10th-mile) sections. The MO analysis was applied to each of these 161-m sections, and
therefore the total number 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
specialized 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.(10: 141 In order to
characterize the abilities of the profilometers participating in the RPM for measuring profile
properties other than IRI and MO, waveband analyses were also performed to separate the
roughness into eight wavebands, each covering one octave.

The wavebands are centered (on a log scale) at the wavenumbers corresponding to
wavelengths of 0.5, 1.0, 2, 4, 8, 16, 32, and 64 m. Each waveband includes all
wavelengths from the A /1.4 to A x 1.4, where A is the wavelength. The waveband
index is then identified as WB(A). (Although the calculations and plots use spatial
frequency—wavenumber—the corresponding wavelengths are used as indices because the
wavelength tends to be more 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.
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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 measured?/wavenumber. Thus, an
elevation profile measured with the units of mm would have corresponding PSD units of
mm2-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; mm2.)

The IRI, 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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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 ¢ 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 wavenumbers, 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), ISO/DIS
6806 "Mechanical vibration—Road surface profiles—Reporting measured data." The
decision to use slope PSD functions rather than elevation was made because the proposed
ISO 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.
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RESULTS

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 from 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 experiment, 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. Surveys 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
systems.[13] 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
randomness 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 mm (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 elevation/distance values were recorded on
log sheets and later entered into a microcomputer for initial processing. This processing
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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 corrected.

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 Descnbu’on

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 unevenness.[?- 14, 15]
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 arm 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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Table 6. Reference measurements used on public road sites.

Site  Reference
No.  instrument Site Description

1 Minnesota Rough asphalt with cracks and patches
2 Rod & Level Patched and rolling bituminous, manhole cover
3 — Railroad crossing
4 FHWA/Selcom  Typical surface treatment
5 FHWA/IR Typical surface treatment
6 FHWA/IR Typical asphaltic concrete
7 APL Both sealed and unsealed asphalt with cracking
8 Ohio Surface treatment with some corrugations
9 FHWA/R Good PCC with lateral grooves

10 FHWA/IR Good PCC with lateral grooves

11 Minnesota Good PCC with flush tar-strips

12 FHWA/Selcom  Transition from PCC to smooth blacktop

13 Ohio PCC with faulting, open joints, patches

14 FHWA/IR PCC with lateral and longitudinal grooves

15 Ohio Rough bituminous with cracking and patching

16 Michigan DOT  PCC with open areas at joints

17  FHWA/Selcom Very smooth bituminous overlay

18 FHWA/IR Bridge crossing, bituminous to PCC
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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.[14,15] The two configurations are distinguished by different testing procedures,
data storage equipment, and profile analyses. The APL 25 system runs at 22 km/h 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 km/h, 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 UMTRI shop for towing the trailer. In the laboratory, the
tapes were played back through an Apple II 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
+2047).

As shown in table 4 in the "Experiment" section, the APL trailer was towed at a speed
of 50 km/h (31 mi/h) on the public roads. At GMPG, three speeds were used for repeat
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runs on all of the sites: 18 km/h, (11 mi/h), 55 km/h (34 mi/h), and 90 km/h (56 mi/h). At

the lowest speed of 18 km/h, 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 profiles were transmitted to the mainframe computer for processing.

Profile 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
km/h (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
shortcoming 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
required for the 90 km/h 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 hardware to digitize the data, or by selecting a longer sample interval.
Given that 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 APL trailer did not experience any problems on those public road sites with surface
characteristics 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 problem 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 bounce; but, as figure 12 shows, the profile from the APL matches the profiles from
two of the noncontacting systems quite well. From the authors' experience with the APL
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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.[10] 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 extraneous 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 IRI 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 m/km. On the rougher sites, the APL measures tend to be a little lower than th
reference measures. '

The ability of the APL to measure IRI was also tested in the International Road
Roughness Experiment (IRRE) in Brasilia, Brazil(10], 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
m/km 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 IRRE 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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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 MO relationship is slightly biased on the public roads, being lower
on the average than the reference.

In the IRRE held in Brazil, it was found that the APL trailer could not accurately
measure QI, which is an index based on RMSVA and used in Brazil.[10, 13 QI; and MO
are both defined using the RMSVA analysis, but they differ in the baselengths used. QI,
uses baselengths of 1.0 and 2.5 m, whereas MO uses baselengths of 1.22 m (4 ft) and
4.88 m (16 ft). The APL was not valid for measuring QI}, producing measures of QI that
were too low. The reason is that the QI is influenced by short wavelengths that are not
sensed by the APL trailer. (This is particularly true on unpaved roads.) Since the MO
analysis includes longer wavelengths, the shortest wavelengths assume less significance
and the bias becomes smaller 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-m 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 digitizing problem, the data points are shown for the 64-m waveband
to demonstrate 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 the other wavebands. For a speed of 18 kmvh (11 mi/h), the wavebands covering
wavelengths longer than 8 m are attenuated. The best accuracy for the speed of 50 km/h
(31 mi/h) 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 generated for all of the profiles obtained with the APL trailer and
compared with the reference measures. The PSD plots obtained from the 90 km/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-km/h (11-mi/h ) speed, the PSD matches the reference above a
wavenumber of 0.1 cycle/m. This is a wavelength of 10 m, and corresponds to a
frequency of 0.5 Hz. For the 55-km/h (34-mi/h) speed, the PSD matches the reference
down to a wavenumber of 0.035 cycle/m, 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 cycle/m. This is first harmonic runout 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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measurement speed. That is, it measures longer wavelengths when it is towed at higher
speeds. The instrument can 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 to fairly rough. The 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)

Hardware 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 11/83, and available from K. J. Law Engineers, Inc.[16] 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
1s not recorded. Thus, profiles were not available for critical analysis as with the other
profilometers.

At the time of the RPM, a roughness surveyor (shown in figure 19) was under
construction for the Colorado Department of Highways. By a cooperative arrangement
between the Colorado DOH 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 system 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 manufacturer, 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 signs) 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
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Figure 19. The Colorado roughness surveyor.



that might cause problems 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 coated 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 s, it is a quarter-car simulation, using the parameter values

from the NCHRP 228 report[®), computed for a single wheeltrack, and based on a standard= - .+
speed of 80 km/h (50 mi/h). 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 inches/mi. They are converted to m/km 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, while the graph on the right shows the range of values obtained in individual tests.
The high roughness levels (greater than 5 m/km) 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-less constant error level in the measurement that may be due to
limitations 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 proportionately 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. "

Conclusion

The 8300 Roughness Surveyor proved its ability to measure IR, 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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FHWA Profilometer: Infrared Version

Hardware Description

The project under which this work was performed originally focused on the design and
construction of a profilometer system for the FHWA, capable of measuring both profile
and rut depth. A photograph of the profilometer is shown in figure 21. A detailed
description 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
microcomputers. 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
amplifiers 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 frequency/voltage converter to obtain a continuous speed signal.

At the 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 algorithms 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
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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 1/3 of the sample frequency (at the
intended test speed).

The system senses the vehicle-to-road distance using the infrared (IR) system designed
and built by Southwest Research Institute under contract with the FHWA.[8] This sensor,
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 image is detected from both sides of the projected beam, so that variations in the
reflectivity of the surface can be cancelled.

Early tests with the IR sensor in the laboratory indicated that its design does not always
eliminate sensitivity to surface reflectivity,[’] 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 FHWA 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." '

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. 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 comparison 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 also did very well in handling the manhole cover on site 2. The system also did
well in handling 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.
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Figure 22. The FHWA infrared height sensor.
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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 IR 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 "Expeﬁment" 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 FHWA/IR system are shown in figures 3, 34, 45, 73,
and 74.

Measurement of Roughness 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 IRT 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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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 GMPG 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 Density (PSD) Functions

The PSD plots that were obtained from this system matched those from the rod and
level for all of the GMPG 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
profilometer was used at the lowest speed of 32 km/h (20 mi/h). 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 cycle/m.
Thus, as configured, the system appears to be accurate on all sites down to 1-m
wavelengths, and on most of the sites, down to 0.6-m wavelengths. Because of the limited
length of the sites at GMPG, it is not possible to ascertain the longest wavelengths that can
be measured accurately with the system.

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

Conclusion

This profilometer is still 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 than 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, digital/analog (D/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 mm (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.
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Figure 32. The Selcom laser height sensor.
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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 occurring 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 eliminated, 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 easily 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 FHWA/Selcom 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
IRI. 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 come from the height sensor. Since the IR and Selcom versions of
the FHW A 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 64-m waveband show that the Selcom system overresponds in
several tests on the roughest 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, and 0.5 m, the measures 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 wavelengths and the higher measurement speeds.

Power Spectral Density (PSD) Functions

The PSD plots that were 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 sites, the PSD amplitude was usually high for the longest wavelength (over 100 m)
when the profilometer was used at the lowest speed of 32 km/h (20 mi/h). Figure 40
shows example PSD plots on a site having moderate roughness. At the highest
wavenumbers, up near 5 cycle/m (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 be measured accurately with the system.

Additional PSD functions from the FHW A/Selcom system are shown in figures 69
and 70.
Conclusion

This profilometer is still 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 borrowed Selcom sensors
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were not configured with the Receiving-Averaging board that would be preferred for use in
a profilometer, 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
wavelengths covering 0.3 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 used. It is possible that the problem could be solved by a more
appropriate configuration, 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 starting 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 profilometer consists of an instrumentation system installed in a vehicle,
typically a van, which can be operated at normal highway speeds. The vertical motions of
the vehicle body are sensed by an accelerometer, and double integrated to determine the
vertical excursions 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 performed with an analog computer.

The current GM profilometer, 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
maintained 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 commercial Selcom sensors. The laser image that is projected onto the pavement has
dimensions 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
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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 UMTRI 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 km/h (15, 35, and 50 mi/h). Three sample intervals
were used: 9.17 mm (109 samples/m), at the speed of 24 km/h; 18.2 mm (55 samples/m)
at 56 knvh; and 37.0 mm (27 samples/m) at 80 km/h.

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 GMPG 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-m 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 255 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 FHWA/Selcom 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 GMPG 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
extraneous 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 only profilometer that proved capable of capturing the fine details
of the railroad crossing on 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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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
determined by the measurement speed. At 80 km/h (50 mi‘h), wavelengths are measured
without attenuation down to 0.5 m; at 56 km/h (35 mi/h), wavelengths are measured down
to 0.3 m; and at 24 km/h (15 mi/h), wavelengths are measured at least to the limit of 0.2 m
(the upper limit of wavenumber at 5 cycle/m 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 cycle/m, 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 km/h has amplitudes that are too high
at the wavenumbers between 0.3 and 0.8 cycle/m (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
cycle/m (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 51 shows PSD functions from the GMPG profilometer that include a large error
in amplitude at wavenumbers near 0.5 cycle/m (2-m wavelength). The runs made at 24 and
56 kmv/h (15 and 35 mi/h) 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 mi/h). In addition to the
peak, the plots for 24 and 56 km/h also show erroneously high amplitudes for ail
wavenumbers greater than 0.1 cycle/m (wavelengths less than 10 m). The "outlier" data
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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.

Conclusion

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 summary 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 43024)
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. (18]
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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 light and using triangulation. The image is a slit, nominally 6-mm by
150-mm at the road surface, with the longer dimension oriented in the transverse direction.
The profile is computed during measurement, using a DEC PDP 11 minicomputer.
Normally, the signals from the accelerometers and height sensors are sampled
approximately 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
performed to prevent aliasing during the decimation.: The 9-track tapes use standard DEC
file formats, 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 FHWA for use in calibration of response-type ride
meters. This profilometer 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
summer 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
Transportation, 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 in 100% of its runs, which included every site. As table 4 in the
"Experiment” section shows, repeated runs were made on most of the public road sites.

The crew from Minnesota 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.
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Instead of the specified 152.4 mm, the actual step size was about 150.0 mm, 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 (15 and 50 mi/h). Figure 55 shows nine measures of the same profile, made with
the three systems at three speeds. Two of the measures made at 24 km/h differ slightly
from the others, but overall the agreement is quite good. When considering only the
measures made at the higher speeds of 48 and 80 kmv/h, 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 operators 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
- profilometer 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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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 profilometers 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 released to UMTRI. Overall, only one of the data points showed a significant error.

The Ohio system proved to be very accurate for measuring IRI for all of the smoother
sites, having roughness levels under 5 m/km. On the rougher sites, the measures are
slightly low compared with the reference, and exhibit more scatter.

The measures from the 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 considered 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 MO analysis are similar to the results from 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
essentially 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
wavelengths 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
profilometers tend to measure too low, particularly on the rougher sites. In all of the
results, the measurement speed does not appear to be a factor in the accuracy.
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Power Spectral Density (PSD) Functions

The PSD plots from the 690-DNC systems generally matched those from the rod and
level over wavelengths from 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. (Most of the sites were only measured over 160-m 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
profilometer software) are generally consistent, except at the lowest speed of 24 km/h (15
mi/h), which differs slightly. For wavenumbers ranging from 0.016 to 0.3 cycle/m
(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 0.5 cycle/m (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 from 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
processing 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, all five systems show close agreement over the wavenumber range
of 0.04 to 0.5 cycle/m (wavelengths of 2 to 25 m), and the four GM-type profilometers
show agreement for wavenumbers down to .016 cycle/m (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 filters 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 cycle/m.
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Figure 67. PSD functions from the Ohio profilometer on a smooth site.
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Figure 70 shows the PSD functions for six of the profilometers on the smoothest site of
the RPM. On a smooth 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 cycle/m.
The periodic error in the Ohio profiles occurs on several of the smoothest sites, and only at
the highest speed of 80 km/h (50 mi/h). 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 cycle/m, which are probably caused by nonuniformities in the tire/wheel assembly of
the APL trailer. The Michigan DOT system shows a noticeable peak at 4 cycle/m, and
another smaller one at 1.4 cycle/m.) 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 project.

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

Conclusion

The 690-DNC was able 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 wavelengths 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 error 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.
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Michigan DOT Profilometer

Hardware Description

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 improved, with the main improvement being the replacement of the
mechanical follower wheels with noncontacting optical height sensors, also designed and
built in-house. As configured for the RPM, the MDOT profilometer relied on the optical
noncontact 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 profilometer 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
profilometer was not able to measure both wheeltracks simultaneously, and therefore each
run produced 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 performed afterwards in the laboratory.

As indicated 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
processed 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-m
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 comparison of the MDOT system with the static reference was possible on only one
site. The FHWA/IR profilometer and the Ohio profilometer were both shown to be reliable
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Figure 71. The Michigan DOT profilometer.



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

In the 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
improper identification of the runs, rather than the instrument itself.

Projile Plots

Figure 72 compares the profile as measured with the MDOT profilometer with the
profile as 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 between 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 more extreme cases in which repeat runs made with the MDOT system agreed
closely, while measures made with other systems matched each other but not MDOT. This
particular figure shows two 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 are 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 profilometers 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 depression at 144 m, but the magnitude of the depression is 10 to 15
mm for the Ohio and FHWA 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 correctly 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.

Assuming 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
measurements. Several of the profilometers were able to detect cracks, and the implications
of this are discussed in the "Conclusions" section. ‘
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-An additional profile plot from the MDOT system is shown in figure 13.

Measurement of Roughness Indices

Figure 75 summarizes the ability of the Michigan DOT system to measure the IRI and
MO roughness measures, as compared with the Ohio and FHWA/IR 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 IRL. 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.

Waveband Indices

The accuracy of the MDOT system over a full range of 1-octave wavebands is
demonstrated in figures 76 and 77. For these plots, the reference is the FHWA/IR system,
which closely 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 few 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
typically higher on the average. On the smoother sites, good accuracy is shown for the
wavebands centered at wavelengths of 16, 8, and 4 m/cycle. 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.

Power Spectral Density Functions

Figure 78 compares PSD functions from the MDOT, Ohio, and FHWA/IR
profilometers and show close agreement for wavenumbers between 0.02 and 0.5 cycle/m
(wavelengths from 50 m down to 2 m). For the longer wavelengths, the differences in
PSD amplitude 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 profilometer was run
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with no attenuation of these wavelengths. At the highest wavenumbers—above 0.5
cycle/m—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 cycle/m.

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 cycle/m, but for higher wavenumbers, the PSD
functions from the MDOT profilometer are much too high.

The PSD plots all show a rolloff above 4 cycle/m—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-cycle/m (wavelengths shorter
than 1-m/cycle). 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
m along the horizontal axis.

Conclusion

The MDOT system is capable of measuring profile accurately over a broad range of
wavelengths extending to 91 m (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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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 measurement 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.(1%]

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 GMPG 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.
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South Dakota Profilometer

Hardware Description

The South Dakota Department of Transportation (SDDOT) designed and built its own
GM-type profilometer system in 1981.14]1 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 PDP-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 normally sampled at a 305-mm (1.0-ft) interval. The ultrasonic
transducer limits the sample frequency, because new measures cannot be made until the
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Figure 83. The South Dakota profilometer.



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 RPM, 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 RPM, 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 éupposed 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-m along the horizontal axis are lost
due to a long sample interval of 305 mm (1.0 ft). At the lowest speed of 31 km/h (19 mi/h)
the sampling interval was reduced to 76 mm (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 kmv/h (33 and 47
mi/h) do match the rod and level for wavenumbers from .01 to 0.3 cycle/m (wavelengths
from 100 to 3 m), but at highér wavenumbers (wavelengths shorter than 3 m) the
amplitudes are disproportionately high. The PSD from the 31-km/h (19-mi/h) measure is
known to be most influenced by the truncation problem, and does not match the reference
PSD over any significant range of wavelengths.

154



MT a S. Dakota @ 31 km/h MT & S. Dakota @ 31 km/h /
o S. Dakota @ 56 km/h o S. Dakota @ 56 km/h /
a S.Dakota @ 80km/h e - | & S.Dakota @ 80 km/h
38 - /
\ N-- / \ N-. o
£ e t's )
% -l 3 4 8, L 3 .
D | @
= =
20 °
| al
© K ; ' : , © - - :
0005 10 15 20 25 0 1 2 3
Rod & Level = m/km Rod & Level — m/km
Waveband at 64 m Waveband at 32 m
+T 2 S. Dakota @ 31 km/h MT & S. Dakota @ 31 km/h
o S. Dakota @ 56 * o S. Dakota @ 56 km/h .
& S. Dakota @ 80 ® a S. Dakota @ 80 km/h P
Emy VAR
E o < i ° .
£ ) B o
It / | o
~~ (u] n //
© A a 8 A
% :p E—nf - A/ "‘/ 8
="t P L - m ]
/ . |
L]
[}
o : : : ; , . oF . . . .
0 1 2 3 4 5 0.5 10 15 2.0 25

Rod & Level — m/km
Waveband at 16 m

Rod & Level — m/km

Waveband at 8 m

Figure 90. Measurement of waveband indices for the longer wavelengths
with the South Dakota profilometer.

155



<+T @ S. Dakota @ 31 km/h ¥
o S. Dakota @ 56
4 S.Dakota @ 80 o
= s L)
é M+ / ®
£ ®
U]
| /
N+
S /
2 .
7
/;
© : : 4
0 1 2 3 4
Rod & Level = m/km
Waveband at 4 m
©T o s. Dakota @ 31 km/h
o S. Dakota @ 56 km/h
Q
£ ot
< § a
E o /
| "‘*"Om /
=
= /
2 a¥o
u]
o) : . : J'
2 4 6 8 10

Rod & Level — m/km

Waveband at 1 m

©T o S. Dakota @ 31 km/h
o S. Dakota @ 56 g
a S Dakota @ 80
£ ° e
X ®
. Tt
£ ¢ g
l .
~~
~ g
EN" PR'
= &
[ ]
2
(]
.
Ok : : } '
0 2 4 6 8
Rod & Level = m/km
Waveband at 2 m
QT o S. Dakota @ 31 km/h.
ju]
g w-h
g a” o
| O+ //l
Q /
g <+ /
N i ; : :
0 S 10 15

Rod & Level — m/km

Waveband at .5 m

Figure 91. Measurement of waveband indices for the shorter wavelengths
with the South Dakota profilometer.

156



S

41
i

Left Slope PSD — m/cycle
[+ —
O

10~7

aMN—4
(L0
L]

1M—
[V
o+t

—a— Rod and Level

—e— South Dakota @ 31 km/h
—a— South Dakota @ 53 km/h
—+— South Dakota @ 76 km/h

Note: The PSD functions have
been offset vertically for

plotting..

s, & s 1 2 ¢
Wavenumber = cycle/m

L. PSD Site 24

Figure 92. PSD functions from the South Dakota profilometer on 2 site with

medium roughness.

157



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.

VTl Road Surface Tester

The National Swedish Road & Traffic Research Institute (VTI) has developed a road
surface tester for measurement of rut depth, roughness, macrotexture, and friction. (6] 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, [llinois 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 VTI 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.
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CONCLUSIONS

Summary

The Road Profilometer Meeting (RPM) 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 profile.

The measured profiles were processed according to several standard analyses to
determine the performance limits and expected accuracy of the profilometers. 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.)
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The main findings reported 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 we<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>