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INTRODUCTION

Background

This document reports on the Federal Highway Administration (FHWA) project
entitled, "Methodology for Road Roughness Profiling and Rut Depth Measurement,"
(Contract No. DTFH61-83-C-00123), as conducted by The University of Michigan
Transportation Research Institute (UMTRI). The immediate objectives were to develop and
validate a profilometer for FHWA use in demonstrating the applications of profilometry in
pavement evaluation.

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 since the 1960's[!] with a variety of profilometer hardware and designs available
to the highway community. The most universal purpose for road profile measurement is to
assess the roughness of the surface. Roughness, in this context, may be defined as the
surface deviations causing vibrations in road-using vehicles, affecting the comfort of the
vehicle passengers, cost of operation, and safety;[2] and which induce dynamic loads on the
pavement contributing to their deterioration.[>] ‘

Approximately 15 road profilometers are in existence throughout the world. Although
several have been designed and constructed by the user, the majority have been
commercially produced by K. J. Law, Engineers, Inc. of Farmington, Michigan based on
the original design concept from General Motors Research. Among the commercial units,
the design has evolved through several models over the years. Currently, prices for
commercial profilometers begin at approximately $250,000, depending on options. Major
items in the cost are the custom construction of each unit, the sophisticated computer and
tape recording systems on board, and the special hardware that is required.

The project described in this report provided the opportunity to carefully assess the
capabilities that are needed in a profilometer, and to then develop a design tailored to
minimize life costs of the system. A profiling and rut depth system (sometimes called the
PRORUT system) was designed, constructed, validated, and delivered to the FHWA.
Additional information about the system is provided in three companion reports:

 User's Manual for the UMTRI/IFHWA Road Profiling (PRORUT) Systeml4]
provides instructions for using the profilometer.

* Reference Manual for the UMTRI/IFHWA Road Profiling (PRORUT) System!5]
provides reference documentation on the hardware and software of the system.

o The Ann Arbor Road Profilometer Meetingl6] describes some of the testing and
analysis methods used in its development, along with validation results.



Objectives

The overall objective of the project can be broken down into specific objectives, as
follows:

 Assess the capabilities of currently available hardware and software (applicable to
road profile and rut depth measurement) to establish a basis for defining what is
available within current technology.

+ Perform an economic analysis of the use of profilometers in highway departments
to provide guidance in decisions between cost and performance in the system
design.

+ Develop concepts and specifications for a prototype profilometer system.
+ Design and construct a profilometer system.
 Validate the measurement capabilities of the system.

During the course of the project the last objective—to validate the system—was
expanded to allow operators of other profilometers to validate their equipment in parallel
with the testing of the FHWA unit. This exercise, known as the Ann Arbor Road
Profilometer Meeting (RPM), provided a meeting ground at which all profilometers
obtained profile measurements on the same roads. Those profiles were processed in
identical fashion by UMTRI to determine the accuracy and performance limits of each
profilometer. Some details of the Road Profilometer Meeting are presented in Chapter 4 of
this report. A complete description of the meeting and its results is available in the separate
project report identified above.[6]



DESIGN CONSIDERATIONS

Functional Concept

The purpose of a road profilometer is to measure the vertical deviations of the pavement
surface along the direction of travel. Rut depth measurements along a transverse profile are
desired as well. Several concepts may be used to achieve each of these objectives.

From a simple conceptual viewpoint, a profile can be measured by moving an
accelerometer along the road surface on a wheel or trolley. An acceleration profile is
obtained which can be integrated once to obtain a slope profile, or twice to produce a
displacement profile. In practice, this method is not viable because the acceleration
spectrum of the road surface is not uniform but contains high intensity in the short
wavelength (high frequency) range. Thus an accelerometer selected to endure the high
frequency inputs will lack the sensitivity needed to detect the long wavelengths.

The inertial profilometer developed at General Motors(l] solves this problem by
mounting the accelerometer on the body of a motor vehicle where the acceleration levels are
relatively low, such that it can be sensitive enough to detect long wavelengths. This
approach requires an additional sensor (a height transducer) to detect the road surface
relative to the accelerometer. The GM inertial profilometer concept is illustrated in figure 1.
To obtain an elevation profile, the accelerometer signal is integrated twice and added to the
height signal. Then, as the vehicle is driven along the road at a constant speed, the
combined signal represents elevation as a function of distance along the roadway. In the
original design, height was measured via a potentiometer connected from the body to a
roadwheel, which was spring-loaded to remain in contact with the road surface. Durability
of the roadwheels proved to be a problem.in severe service. This problem has been solved
by development of noncontact systems which use light or sound sensors to measure height.
Optical sensors are used in the current Model 690DNC profilometer marketed by K. J.
Law, Engineers, Inc. The latest versions include improvements to eliminate the need for a
constant speed of travel, along with a number of optional software programs for utilizing
the profiles that are measured.

The inertial concept can be implemented in other ways. For example, the APL
profilometer developed in France is essentially a mechanical equivalent of the GM concept,
with different performance limitations.[7] The South Dakota Department of Transportation
has developed an inertial-type profilometer using acoustic road sensors.[8] In theory, the
inertial profilometer concept can also be implemented by replacing the height sensor with an
accelerometer attached to the axle of the vehicle.[%]

An entirely different concept of profilometry has been developed by the Transport and
Road Research Laboratory in England, which does not involve any form of accelerometer.
The TRRL Laser Profilometer consists of a rigid beam with laser road sensors installed at
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Fig. 1 Functional diagram of inertial profilometer




four points along its length. As the trailer advances, road elevation at the leading sensor is
referenced to that at the other sensors so that a continuing profile is developed.[10]

Among the profilometer concepts, the GM-inertial method (accelerometer with road
height sensor) is the most straightforward and proven. Thus it was selected for the FHWA
profilometer design.[11]

Rut depth measurement simply requires concurrent measurement of height from an
array of road sensors distributed across the direction of travel. The depression in the
wheeltracks defines the rut depth. Technology of measurement is not well established at
this time, although several systems are in use.[12, 13] Given a detailed transverse profile,
different rut depths may be obtained depending on whether a "string-line" or "straightedge”
method is used. At the current time, rut depth is not being measured by enough users to
establish any particular approach as the best or most common. Estimates of rut depth can
be obtained by use of three or five sensors distributed across the lane. The measure is an
estimate because there is no assurance that the low point of the wheeltrack is being detected
by the sensor. For the demonstration purpose of this project, the three-sensor method,
which provides an approximation of average rut depth in both wheeltracks, was selected.

Sensors

. The GM-inertial profilometer concept requires three types of sensors—accelerometers,
height sensors, and a speed/distance sensor.

Accelerometers are commercially available with performance qualities more than
adequate for profilometer applications. Selection of an accelerometer is simply a price-
performance decision. The selection should consider two criteria. First, the accuracy of
the accelerometers (resulting from the combination of hysteresis, resolution, precision,
etc.) should be representative of the higher quality equipment available, so that the long
wavelengths are adequately reproduced. Second, the accelerometers should have minimal
cross-axis sensitivity in order to avoid excessive error in the profile arising from lateral
vibrations of the vehicle body.

Monitoring the distance from the vehicle body to the road surface requires one sensor
for each wheeltrack and one or more additional sensors for rut depth. These are mounted
on the vehicle as shown in figure 2. In general, it is advisable to measure profile in both
wheeltracks because of the differential roughness that is common on many roads. The
height measurement must be sufficient to ensure accurate measurement of roughness on the
smoothest roads.

Presently, there is no consensus as to the precision required. Specifications from 1.0
mm (.04 in) to 0.025 mm (0.001 in) have been proposed at various times. An analysis of
profiles measured in Brazil showed that the precision requirement is proportional to the
roughness level.[14] Based on that study, a precision of .5 mm (0.02 in) has been
recommended for measuring very smooth roads.[15] ASTM standard E950 recommends
0.25 mm (.01 in).
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Fig. 2 Mounting of noncontact road sensors.




To ensure that the measured profile contains enough detail for the roughness analyses
now in use, accurate measurements should be obtained down to 300-mm (1-ft)
wavelengths. The (conservative) rule of thumb is that the sample interval should be one
fourth of the shortest wavelength of interest, which implies a capability for sampling along
the roadway at intervals of 75 mm (3 in). At 88 km/h (55 mi/h) the bandwidth of the
instrumentation must be on the order of 300 Hz to achieve the 75-mm sample interval.

Infrared noncontacting sensors developed by Southwest Research Institute(16] were
provided by FHWA for use with the profilometer. Early tests with these sensors identified
some color sensitivity which might cause errors in the measured profile.[17] Accordingly,
a set of Selcom Optocators was obtained on loan for the project.[18]

The transducers used for speed and distance measurement can be any of a number of
available choices. The speed should be measured continuously and accurately. Distance
measurement is important in that it provides registration of the profile along the road.
Although fifth wheels have been used in some of the earlier commercial profilometers,
measurements made directly off a wheel of the vehicle can be sufficiently accurate with
proper maintenance of the tires. Experience with both systems has lead to the conclusion
that the additional attention to the condition of the wheels on the vehicle involves far less
difficulty than maintenance of a fifth wheel.

Computer System

A computer with a number of special features is the heart of the profilometer system. It
can serve a multitude of functions, viz.:

o Calibration of the electronics

* Monitoring signal levels to ensure that the system is functioning properly
* Interface with the user for operation of the profilometer

Control of data acquisition and recording during measurement
 Processing the raw data to produce profiles

» Processing the profiles to obtain other roughness measures

* Graphical and tabular display of the various measures made by the system

A number of considerations are relevant to the selection of a computer system for use in
a profilometer. These generally involve the trade-off between price and performance.
High power computers offer the advantage of fast data processing at the expense of higher
initial cost, greater complexity (and possibly reduced reliability), and larger size. A
cost/benefit study was performed to provide guidance for the selection process.[!1] The
aspects addressed were:

» Performance—The "power" of a computer is a qualitative assessment of its overall
capacity and computation speed. Computing power affects the rate at which data



can be acquired, which in turn affects length of test, measurement speed, and
number of channels. It is also a major factor in determining data
reduction/processing times that impact on duty cycle, or turnaround time between
tests. For this purpose, the various functions and operating modes which
profilometers must satisfy were identified, and constraints imposed by computer
power limits were estimated.

¢ Economics—Computer "power" comes at the price of higher initial cost. An
economic model was set up to determine annual costs of a profilometer built around
three candidate computer systems spanning the range of capability. The costs
reflected hardware investment, system maintenance, and labor costs in operation.

¢ Reliability—Although economic costs could not be quantified, consideration was
also given to the reliability of the computer system. The notion of reliability is used
here in its broadest sense to reflect the potential to keep the system operational at all
times. Thus it is not only the absence of equipment failures, but the availability of
repair services (proximity and repair time) when failures occur, and the "familiarity"
of the computer system to the potential users who must identify problems and
arrange repairs.

At the current level of technology, the analysis favored use of an IBM-PC computer
system for a most cost-effective profilometer. The advantage comes primarily from the low
initial cost of the basic computer system, and the commercial availability of the
miscellaneous internal boards required for special functions (memory boards, analog-to-
digital converters, recorder control boards, etc.). The multiple sources for these
components, in contrast to proprietary equivalents needed on higher-priced computers,
results in more competitive pricing and ready availability of repair/replacement services.
Because it is the most commonly used business and office computer system, an IBM-PC
also offers additional advantages, in that:

* servicing is conveniently available in every city,

¢ itis compatible with other computers in most office systems,
e alarge number of software programs are available,

e users are familiar with the operating system, and

e it will retain compatibility with newer, more powerful systems that will be available
in the near future.

The primary disadvantage of the IBM-PC system has been the limited computational
speed. At the time of system design and construction, the PC was the only suitable
microcomputer available from IBM. (More recently the PC line has been complemented
with an AT model with roughly three times the computation speed and a much larger
memory range.) With the level of "power" available in the IBM-PC, profile cannot be
computed concurrently with measurement. However, the additional labor costs associated
with these shortcomings in typical applications do not justify the additional investment



necessary for a computer system that would overcome these shortcomings. The more
powerful IBM-AT now available would be a possible substitute which would provide
improved performance without redesigning the system.

Recording System

Approximately 126k bytes of data are accumulated with every mile of single-track
profile measurement. With multitrack measurements, conventional floppy discs are not
large enough to store the data accumulated on a reasonable length of test; therefore, a high
capacity recording capability is needed. Historically, 9-track digital tape recorders have
been used with computer systems, but in recent years compact cartridge-based digital
recording systems ideal for mobile applications have been developed. The cartridge
recorders are both more compact, and require lower power levels. Among the many
available on the market, the 3M cartridge format offers as much as 64 megabytes of storage
on a cassette that is about twice the physical size of a common audio cassette.

Digital tape recorders using this format are commercially available for use with the
IBM-PC. A typical system consists of a 3M tape drive, controller module, power supplies,
and an IBM interface card. The interface card, the only external component, is installed in
the computer and provides the communication link between the computer and the tape
system. ,

Signal Conditioning

Conditioning of the analog signal generated by the transducers must be provided by a
component for which there is no suitable commercial source. The analog circuitry should
be intimately linked to the computer, so that the computer can set the offset and filtering
frequency for each channel, provide calibration service, and provide diagnostic capability.
Since analog signal conditioning systems possessing this capability have been designed and
used in-house at UMTRI for a number of years in the digital data acquisition systems
required for research experimentation, the UMTRI hardware was the logical choice for this
component. Photographs and circuitry are provided in the reference manual prepared for
the profilometer.[4]

The signal-conditioning system consists of a backplane, a control card, and amplifier
cards for each of the transducers. The backplane provides the physical mounting and
connection points for each card. All transducer inputs, computer communication, and
amplifier outputs are routed through these connectors. The control card provides the
address decoding and generates the control signals that are supplied through the backplane
to the individual amplifier cards.

Amplifier cards contain a high performance instrumentation amplifier, computer
programmable filters, and computer adjustable offsets. In addition, they provide a
calibration relay through which the computer can disconnect the transducer and switch in a



D/A (digital to analog) generated calibration signal to each amplifier input, so that it can
measure the actual offset, gain, and linearity of each signal-conditioning card.

Vehicle

There were no special considerations given to the selection of a vehicle in which to
install the profilometer equipment, in part, because the FHWA supplied a van in which it
was to be installed. In general, use of a passenger car provides adequate room for a
profilometer constructed of these components, although a van is preferable for ease of
installation of transducers and convenience of the crew when traveling on the road.

Software

The computer software necessary to comprise a profilometer system is specific to the
hardware and operating modes provided. The software must contain the following
clements:

*  Operating system—controlling the computer itself

e Main program—controlling the different operating modes of the profilometer
+ Configuration mode—for setting up the transducers and electronics

e Calibration mode—controlling calibration of the hardware

¢ Testing mode—controlling operations during measurement

+ Data analysis mode—for computing profile, rut depth, and roughness

¢ Presentation mode—for graphical display of the measured road data

Various portions of the software exist from different sources. The operating system is
provided by IBM with the computer, programs to control the tape recording system are
provided with it, and various routines needed for configuration, calibration, and test
operations already exist with UMTRI digital data acquisition systems. In addition, copies
of profilometry software developed by other FHWA contractors are among the resources
available. These various programs were reviewed for use where appropriate, although it
was necessary to write and assemble software specifically to fit the IBM computer in order
to produce a profilometer with the desired capabilities. A description of the software
programs is provided in the profilometer reference manual.[5)

In the generation of software for any profilometer, user-friendliness is considered an
important attribute. Most frequently, profilometers are operated by personnel who do not
necessarily have extensive computer experience or familiarity with the details of the lengthy
programs required for their operation. Thus, it is important that the programs be tolerant of
operator errors, and deal with such problems in an intuitive manner. Of particular
importance was the observation from the Road Profilometer Meeting that the computer

10



should monitor the functioning of the profilometer and warn the operator of potential
problems that would produce invalid data.[6]
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PROFILOMETER DESCRIPTION

Hardware

The FHWA Profilometer is built on the chassis of the 1974 Dodge B300 van shown in
figure 3, which was provided by the Federal Highway Administration. It is an inertial
profilometer with road sensors and accelerometers (see figure 1) for measuring profiles in
both wheeltracks. It includes a centrally mounted road sensor measuring the crown
between the wheeltracks from which "average" rut depth is determined. The electronics
system has provisions for two additional outboard road sensors so that rut depth in the
separate wheeltracks can be measured should the additional sensors be installed.

The hardware consists of transducers for measuring the speed of travel, vertical
accelerations on the vehicle body above each wheeltrack, height above the road at the
midpoint and in each wheeltrack, and a computer and recording system. A detailed
description of the hardware is provided in the separate reference manual.[5] Figure 4
shows a diagram of the hardware system.

Speed/Distance Transducer

The vehicle speed and distance of travel is measured by a pulser installed in the right
front wheel.* Within the back side of the disc brake rotor is installed an exciter ring in the
form of a disc with 120 notches (3 degree intervals). Rotation is sensed by a magnetic
pickup which generates two pulses with the passage of each notch. Each distance pulse
corresponds to 10 mm (0.37 in) of forward travel. The pulse train goes to the analog
signal-conditioning unit, where it feeds into a frequency-to-voltage converter to produce an
analog speed signal. The pulse train is also fed to the computer to communicate distance
traveled. Within the computer, a counter synchronized to the pulse train triggers data
sampling at the selected intervals along the road.

Accelerometers

Two accelerometers are installed in the profilometer—one above the road sensor in each
wheeltrack. The accelerometers are Sunstrand model QA-900 servo types rated at 30 g's
full range (250 g's shock), and 500 Hz natural frequency. These have a threshold and
resolution, each better than 0.005 mg, and a maximum cross-axis sensitivity of 2 mg/g.

The accelerometers are rigidly mounted in the vertical orientation on fixtures just above
the road sensors. A rigid mount is important to ensure that the accelerometers do not

*The magnetic pickup used for the prototype system was left over from a pre.vious project at UMTRI. The
unit is similar to the AIRPAX 1-0007 pickup manufactured by the Airpax Corp., Ft. Lauderdale, FL.

12



. Fig. 3 FHWA profilometer.
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experience any vibrations not present on the road sensors. They are powered by +15 volts
DC supplied from the signal-conditioning system. The acceleration signals feed directly
into the signal conditioner where offset voltages are compensated, and the signals are
amplified appropriately for input to the analog-to-digital converter.

Road Height Sensors

Two types of road sensors were provided for test by FHWA— infrared noncontacting
sensors developed by Southwest Research Institute[16] (see figure 5), and a set of Selcom
Optocators(18] (see figure 6). The van is modified by installation of enclosures below the
floor level where the sensors are mounted. This is necessary primarily to place the sensors
at the proper distance from the road, nominally 250 mm (10 in), but has the additional
advantage of minimizing obstruction of the vehicle interior.

The enclosures are designed to accommodate either sensor. The infrared sensors are
self-contained, requiring only a 12 volt DC power supply (obtained directly from the
inverter connections) and signal wires going to the signal conditioner. The Selcom
Optocators require their own signal conditioning box, which is mounted at the rear of the
van, as seen in figure 7.

The distance output from road sensors is analog and is sent to the signal-conditioning
system, where offsets and amplification are accomplished prior to digitization.

Signal Conditioner

The signal conditioner is a custom-built electronic system, which provides the
following functions:

+ Signal offset compensation

* Signal amplification

* Signal filtering

* Switchable reference voltages for channel calibration
* Transducer excitation voltage

A photograph of the signal conditioning unit is shown in figure 8. A detailed
description is provided in the reference manual.[5] The signal conditioning unit is mounted
with the computer in the instrumentation console installed in the left side of the profilometer
behind the driver's seat. It is powered by 110 volts AC supplied from the on-board
inverter. Wiring from the transducers and to the computer are internal to the console.
Voltage check points for diagnosing system problems are provided on its front face.

The circuitry on a typical signal conditioning card is shown in figure 9. The
transducers are connected to the card via a 9-pin connector. Fed through this connector are
the necessary excitation voltages for the transducer, which may be different for each type.




Fig. 5 Infrared noncontacting sensor from Southwest Research Institute.
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Opfocator projects light spot on surface.
Optocator detector “sees” light spot's position.

Fig. 6 Selcom Optocator road sensor.
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Fig. 7 Signal conditioner for Selcom Optocator
installed in the rear of the van.
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Fig. 8 UMTRI signal conditioner unit installed in the instrumentation
console (top), and showing internal components (bottom).
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The incoming signal goes through a calibration relay allowing the input to the card to be
switched from the transducer to a computer-generated voltage for checking the gain and
offset of the channel. After amplification, the signal goes through a 4-pole Butterworth
filter to strip off any high frequency noise that can cause aliasing errors when the output
signal is digitized.

Computer

An IBM-PC is the heart of the profilometer serving to control its calibration, operation,
data acquisition, data processing, and data viewing. The PC is a standard commercial
version with the following components:

+ IBM-PC, 256k memory, 2 DS DD floppy disc drives, and floating point processor
 Hercules graphics card and IBM monochrome monitor

» AST Six Pack Plus with 384k memory, clock, serial port and parallel port

o Data Translation Analog I/O, model DT-2801-A

+ Hicomp 512k bubble memory card

+ Dot matrix printer

+ ADIC tape control card

+ Calibration control card (custom-built with the signal conditioning unit)

A Tecmar expansion chassis is required with the PC to accommodate all of the extra
cards. Both units are mounted in the instrumentation console behind the driver's seat as
seen in figure 10. A more rugged "industrial" version of the PC was not available at the
time the system was procured, so the console is "shock" mounted with Aeroflex cable-type
isolators. The printer is mounted atop the console, and the keyboard and monitor are
installed on a pedestal next to the front passenger seat, as seen in figure 11.

The system software,installed on the 512k bubble memory card, is retained in memory
even when the system power is turned off. The floppy discs are not necessary for
operation of the system, but can be used to transport information into and out of the
computer. The AST Six Pack Plus supplements the computer memory to the limit of
640k, and the parallel port is used to drive the printer. The Data Translation Analog I/O is
the analog-to-digital converter system. It has 8 double-ended inputs and is capable of
digitization at 35k Hz. The ADIC Tape Control card is purchased from the tape
manufacturer, and is used to control the tape recording system. The Calibration card is a
custom-built card designed to interface with the signal conditioning card, communicating
signals needed for calibrating the data channels.
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Fig. 10 Front view of instrumentation console
located behind the driver's seat.
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Fig. 11 View of the monitor and keyboard installed next to passenger's seat.
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Tape Recorder

An ADIC model 550 Tape Recorder system is used with the profilometer. It is a 64-
megabyte cartridge recorder capable of recording at up to 35k Hz. The recorder is self-
calibrating (performed when it is first turned on) and looks like a disc drive to the
computer. The recorder is installed in the instrumentation console, just below the computer
(see figure 10).

Software

The profilometer system contains a software package configured especially for this
application. The elements are:

« IBMDOS 2.1

»  Microsoft Fortran (subset of Fortran 77)

+ Halo Graphics Package (with Fortran drivers)
o UMTRI Fortran Library

¢ Profilometer Program

The first four items are commercially-available software required to support the various
elements of the Profilometer Program. The Profilometer Program is software written
especially for the profilometer, using the Fortran language. More details on the program
and its operation are provided in the User's Manual and the Reference Manual.[4. 3]

Overview of the System Operation

The profilometer software is designed so that persons with little or no experience with
computers or the IBM PC can use the system effectively. There are no commands to learn
for normal operation. Selection of options and modes of operation is accomplished
through the use of menus, such as the three shown in figure 12.

The profilometer program consists of a main program that initially presents the user
with the menu of options shown in the top of the figure. Most of the time, the operator will
select the first and second items for measuring and viewing data. The third and fourth
items are used for changing tapes. From the user's point of view, this involves inserting a
new tape cartridge into the slot (load) or extracting the cartridge when ejected by the
computer (unload).

The configuration mode is invoked when transducers are removed, replaced, or added
to the system. The mode for exercising the input/output system provides several diagnostic
tools that allow a knowledgeable user to read and set voltages at various points in the
system. These tools can be used in the profilometer system in place of common laboratory
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PROFILOMETER MAIN MENU

L
MAKE ROAD MEASUREMENTS

VIEW AND PROCESS DATA

LOAD NEW DATA TAPE
UNLOAD DATA TAPE

CONFIGURE TRANSDUCERS
EXERCISE INPUT/OUTPUT SYSTEM

g;izmmco .
= J
/ MAKE ROAD MEASUREMENTS \

SELECT CONFIGURATION
DO BOUNCE TEST

CHECK PULSER
MEASURE ROAD

PROCESS DATA

EXIT TO MAIN MENU

VIEW AND PROCESS DATA \

~

OPEN TEXT PILE
OPEN BOUNCE FILE
CHECK RAW DATA
PRE-PROCESS FILES

PLOTTING...

- PROFILE (DETAILED)

- ROUGHNESS & RUT-DEPTH
- RAW DATA

PRINT NUMERICS

BACK TO PREVIOUS MEN'U
o ’ _J

Figure 12. Three of the menus used in the profilometer program.




instruments such as voltmeters and precision voltage sources. They are mainly for use by
an electrical engineer or technician in tracing malfunctions.

In addition to being easy to understand, the profilometer software is designed to be
easy to use. Whenever possible, efforts were made to simplify and reduce the amount of
input required from the user. Generally, when information must be entered or modified, all
of the items to be changed are shown on the screen together. The individual pieces of
information shown on the screen can be edited from the keyboard, using the arrow keys to
move between the items. For example, when setting up to measure a road, the screen will
display the distance between elevation measures (the sample interval), the estimated length
of the run, the estimated speed, the name of the operator, the name of the road, the name of
the output file, and so on. If the only item to be changed is the name of the road, the
operator uses arrow keys to go to that item on the screen (indicated by highlighting). The
arrow keys are also used to move the cursor to the point where a change is needed. For
example, to change "I-94 East, mi-184" to "I-94 East, mi-192" the cursor is positioned
over the 8 and the operator types "92".

Whenever possible, default values are shown for names and numbers that are set by the
operator. If the operator is unsure of what number to use, the default value can simply be
accepted.

Measuring Data and Performing Calibrations

When "MAKE ROAD MEASUREMENTS" is selected from the main menu shown at
the top of figure 12, the second menu in the figure appears on the screen, showing the
actions associated with measurement that can be taken.

The first item in the menu, "SELECT CONFIGURATION;," allows the operator to use
a subset of the transducers installed in the profilometer. For example, the system may have
the transducers needed to measure two longitudinal profiles and one rut-depth profile. But,
if the operator is interested only in the rut depth measures, the system will run more
efficiently (less data, faster processing, etc.) if only those data are collected. To do so, the
"SELECT CONFIGURATION" option is used to tell the system software to act as if the
additional sensors are not installed, so that only the rut-depth profile is measured. (It is not
necessary to actually disconnect the extra transducers.)

The test or measurement mode is selected by choosing "MEASURE ROAD" from the
menu. In this mode, the operator sets up a test by entering header information—test
location, file name for the data records, and other data by which he chooses to identify the
test. Thereafter, the measurement process is started and stopped by depressing the space
bar on the computer keyboard. Internally, the program handles the data input and transfer
to the tape recorder.

In addition to the obvious function of making road measurements, there are several
options that involve calibrating and checking the hardware components in the profilometer.
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Several calibration checks are used to check the functional state of the profilometer on a
daily basis to ensure that accurate data are being acquired. The option, "DO ELECTRICAL
CALIBRATION," should be performed daily before making any road measurements. This
initiates a test procedure in which the computer calibrates the electrical components in the
system by supplying voltages at various input points and measuring voltages at output
points. At the same time, the road sensors are checked to ensure they are at the proper zero
and gain settings.* This is accomplished by running the vehicle up on blocks and
installing a calibration bar that passes under all three sensors, as shown in figure 13. The
bar mounts directly to the sensor enclosures to ensure its proper relationship to the vehicle.

In addition to the electrical calibration, the height sensors are checked for malfunction
using the calibration bar. The bar has three possible positions. The center position
corresponds to "zero" and is used to check the zero outputs from the sensors during the
calibration of the electronic components. Under prompts from the computer, it is then
moved to positions that are 25.4 mm (1 in) above and below zero for pass/fail check of the
height sensor. (The calibration constants for the sensors are obtained from a precise
laboratory measurement that should be performed about once per year.)

The accelerometers are checked via a bounce test, selected as the menu option "DO
BOUNCE TEST." With the vehicle sitting stationary, the operator jumps on the rear
bumper to bounce the body up and down while a profile measurement is made. If a flat
profile is obtained the accelerometers are still correctly calibrated.

A check of the speed/distance calibration is provided under the menu option "CHECK
PULSER." It is performed by running the vehicle over a measured distance. It is designed
for daily use as a check that the pulser and associated circuitry are functioning properly,
although it is also a useful tool for calibrating the pulser every month or so.

Viewing and Processing Data

Examining the data obtained by the profilometer is accomplished by choosing from the
options shown in the third menu of figure 12. Initially, the data are stored as the raw
acceleration, height and distance measurements. The raw transducer signals may be
viewed by the operator as a first level check that the system is functioning correctly. The
data are transformed to longitudinal profiles and rut-depth profiles by two stages of data
processing. Typically, both of those passes are performed automatically by the system the
first time an operator asks to view the processed data.

The measurements are displayed graphically using plotting routines, or printed out in
tabular form. The output is presented in English units on the profilometer, and will be
referenced accordingly in the remainder of this section. The operator may examine data
(raw signals, elevation profiles, slope profiles, roughness profiles, and rut profiles) plotted
as a function of distance along the road, as shown in figure 14. The cursor, visible as a

¥ For rut depth measurement, 1t is essential that all three road sensors used to measure a rut are calibrated to
the same zero.
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Fig. 13 Set up for daily calibration.

26



cceceadecccccadecccccacdeccaneax

cecvecheccccscbseccnacboncscccdacccccndanhanaed

alcecccdacccacadananannd

¢

K%

]
Mo cecgecbecavncccdccvneafeacndenhecccdacanccad
'

cscccccqecanas

eeecccqecccncnqecccccaqueaccaad

1400

1
1350
DISTANCE:

1300

]
12350

1.4431 INCH

1200

! |
18350 1100 1130
BASE 300

FLT

[~ R .

w2 fececccapeccaccapaccanaapasT

g P U PP P

1450 15@e

10ee

SITE4

1266.8828 FEET

ELEV

L.

T
I
I

ceeqeecdeccccsecdecccccndecccnnad
[}
I

=

]
'
1

cvhoecccccshocccccabocccwvocdoccccccndocccana

1
|
<o -
1

I
!

eccccccqoeccccccgecccsanyeacccn=

1
1
|
|

1300
INCH

i 1 1
1135@ 12350

1100

1a@3e@

FLT.

4 peccccccbhecccccebacccnecbeccncncdecccccadancccccdacccccadeccccccdaccccaadaccaaaad

a [~

@F--cccccbecccacatbas
S

“4 becccccapucecaccpecccacapeccancagenscanagesccacagecaasaaqecsasanqenat i qecccanad

n
-
=)
o
-
Cy
-
@
-]
L
-4
i
m
0 g
0 =
“ o
b
~

1

1060
SITE4

Fig. 14 Example plots of left and right profile filtered at 500 ft.
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cross on the graph, can be moved with arrow keys to read individual data values. In
figure 14, the cursor is located on the upper plot. As indicated in the "DISTANCE"
readout immediately below the plot, it is located at the point 1266.882 feet into the test
record. The elevation value at that point is 1.4331 inches, as read from the caption
"L. ELEV" undemeath the plot. The operator can scroll the graph along the distance axis,
and zoom in and out interactively. The software is designed so that any part of the data can
be plotted quickly and easily. For example, a 50-ft section of road contained in the middle
of a 15-mi test can be viewed without scrolling through any other portion of the test.

The software that displays the data also contains tools to reduce the data to forms that
aid in its interpretation. The tools include smoothing filters, high-pass filters, and a
roughness analysis based on the quarter-car simulation, called the International Roughness
Index (IRI).[14] Examples of some applications are explained below.

When viewing longitudinal profiles of road elevation, the plot is always dominated
visually by the longest wavelengths included in the measurement. Figure 14 shows this
very clearly. In these plots, which were filtered to remove wavelengths of 500 ft and
longer (recorded in the caption of the plots as "FLT. BASE 500"), the most noticeable
shapes are the undulations that are about 200 ft in length. Other features that are perhaps
more important from the perspective of engineers are harder to see. For example, there is a
sharp bump at 1095 ft which might be of interest, but which is hard to see due to the
scaling required to show the longer undulations. Figure 15 shows the same profile, filtered
to remove wavelengths of 20 ft and longer. The bump at 1095 ft is more clearly visible, as
are other surface features involving shorter wavelengths. This filtering is called high-pass,
because the low frequencies (long wavelengths) are stripped from the profile, leaving the
high frequencies. Whenever elevation profiles are viewed, the baselength for the high-pass
filter can be adjusted by the operator.

Roughness is a property that is defined over a section of road. It is meaningless to talk
of the roughness of a point—one must always consider roughness as a property of the
profile interval between two points. IRI roughness measures can be printed for any
combination of interval, starting position, and stopping position using the "PRINT
NUMERICS" option. Figure 16 shows an example printout, for an interval of 528 ft (1/10
mi). In addition to roughness, mean rut depth was also printed. (The software treats rut-
depth as a measure that can have positive or negative amplitudes. In this example, some of
the rut depth numerics are negative, indicating that the average of the elevations in the two
wheeltracks is above the elevation in the center of the road.)

The profilometer also has the capability of showing roughness and rut depths
graphically, as shown in figure 17 for roughness. This figure shows a very useful
representation of roughness which is unique to this profilometer. Each point shown
represents the roughness over an interval of 528 ft, as indicated at the bottom of the plot by
"AVE. BASE 528." The first point at the beginning of the graph (X=264 ft) is the average
over 528 ft centered at 264 ft, covering the interval of 0 to 528 ft. This roughness value
was printed in figure 16 and has a value of 210.88 in/mi. The next printed value was
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DISTANCE - FEET L. IRl R.IRI C. RUT
FROM. .. TO IN/MI IN/MI INCH

.00 - 528.00 210.88 273.07 A2
528.00 - 1056.00 322.91 369.64 .01
1056.00 - 1584.00 301.52 249.48 -.01
1584.00 - 2112.00 258.27 260.97 -.02
2112.00 2640.00 155.85 239.19 .03
2640.00 3168.00 263.02 338.07 .06
3168.00 - 3639.30 229.34 298.24 .04

Fig. 16 Example printout of roughness and rut depth along a test section.
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Fig. 17 Example plot of IRI roughness along a test section.
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322.91 in/mi, covering the interval of 528 to 1056 ft. The value corresponds to the point
on the graph at 792 ft, the center of that interval. Between the points at 264 and 792 ft, the
plot also shows roughness for every possible 528 ft interval. For example, there is a local
maximum of 250 in/mi at about 400 ft, for the interval covering 136 to 664 ft. The highest
roughness level anywhere in the test is easily seen to be at the cursor location, which is the
interval centered at 1045.7 ft. Because the cursor was positioned at that point, that
roughness level is displayed numerically below the plot as the value 345.98 in/mi.

One of the difficulties involved in repeating profile measures involves the imprecision
in starting the measurement at precisely the same road location for each test. Plots such as
the one shown in figure 17 show very clearly those errors in repeat tests, because the same
roughness profile is obtained but it is shifted along the x axis. This plotting/analysis tool
solves the problem of determining whether differences in roughness indices from two runs -
are due to starting position, or whether they are due to something else.

The rut depth profiles are plotted using the same method as the roughness. In this case,
the baselength is a distance over which the rut depth is averaged.

In all of the plotting options, the operator has a choice of one or two plots on the
screen. In addition, the filter baselength, used for high-pass filtering of the elevation
profile or for selecting an interval for the roughness measure, is specified by the operator.
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PERFORMANCE EVALUATION

The Road Profilometer Meeting

With the construction of any new profilometer, it is appropriate to conduct experiments
to verify that desired performance is being achieved. In this regard, it is necessary to
determine the performance limits, in terms of operating speed, surface type, and roughness
level, at which valid profiles are obtained. The key elements of such an experiment are to
select a series of test sites covering the variables of surface type and roughness, conduct
profile measurements on these surfaces (both with the profilometer and with an alternative
method of known accuracy), and analyze the profiles to quantify the degree of agreement
between the profilometer and the reference measurements. At the request of the FHWA,
this experiment was set up to allow participation by a number of profilometers owned by
states and other organizations. The experiment was conducted in September 1984, and
was known as the Ann Arbor Road Profilometer Meeting (RPM). A separate report was
written to cover this part of the project.l5] The experiment is only briefly reviewed here for
purposes of documenting performance of the FHWA profilometer, and noting the
observations from the experiment that influenced later development of the system.

Test Site Selection

The proper evaluation of a profilometer is obtained from measurements on actual road
surfaces (rather than, for example, a laboratory dynamic test) using operators that are
representative of the end user. Knowing the characteristics of profilometer instruments
and, in particular, areas in which the various designs might produce errors, a series of 27
sites was selected in the vicinity of Ann Arbor. Eighteen of these were public road sites
and 9 were at the General Motors Proving Ground (GMPG) in Milford, Michigan. The
sites at GMPG were selected because they could be closed off from traffic for rod and level
surveys. With proper methods, rod and level measurements can exceed the capability of
profilometers, thus providing the reference profile measurements needed for validation.

The sites were selected to provide the broadest available range of roughness levels.
The smoothest sites were needed to ensure that the system had the resolution and signal
level needed to measure smooth roads correctly; and the roughest sites ensured that system
could handle the large amplitudes. A range of surface textures were included: open
textures, longitudinal grooves, lateral grooves, longitudinal cracks, and lateral cracks.
Open-textured surfaces can create difficulties for acoustic road sensors because of poor
sound reflectiveness, and difficulty for laser spot sensors because of loss of the image in
the surface voids. The longitudinal and lateral grooves and cracks can create several types
of difficulties with optical road sensors. Signal loss may occur if the light image drops into
a surface opening, or a dither may be added to the profile if the sensor is so precise as to
follow individual grooves. Finally, the sites included the range of surface colors to
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challenge the performance of the road sensors—highly reflective new Portland Cement
Concrete (white), low reflectiveness new bituminous asphalt (black), and combinations of
each in patched areas.

The sites were marked by roadside signs at the beginning and end of each section, and
with paint marks on the surface to indicate the desired test track in the lane.

Test Procedure

The public road sites were located in a circuit around the Ann Arbor area that allowed
testing at the convenience of the profilometer crews during the three days of the Meeting.
All profilometers visited the GMPG test sites together for testing to minimize disruption for
the Proving Ground staff. Tests over a range of speeds were performed in order to verify
operation over a speed range, and to permit evaluation of the wavelength range possible
with each profilometer. Repeat tests were also performed on selected sites to verify ability
to obtain consistent measurements.

At the time of the Meeting, the FHWA profilometer was operated by the UMTRI crew
over all sites with both the Selcom Optocator and the Southwest Research infrared road
sensors installed. The same sites were used in later testing to verify modifications and
improvements to the system. Then, at the time the profilometer was delivered to the
FHWA, the FHWA Contract Technical Representative tested it again on the public road
sites to verify that it was functional as operated by an inexperienced person.

Data Analysis

The profiles measured by various profilometry methods cannot be compared
meaningfully by simply comparing the elevation values. The profiles obtained from most
profilometers are filtered to exclude long wavelengths, which gives each a different
appearance. Even if the profiles were expressed as absolute elevation points, imprecision
in the longitudinal positions of the points would create errors. Thus a part of the RPM
experiment was to develop a rational means for validating the performance of
profilometers.

The appropriate philosophy for validating profilometer measurements is to recognize
that the accuracy of a measured profile can only be judged in the context of its end use, or
application. Even though no profilometer measures true absolute elevation, the adulterated
profile still has many useful purposes. Hence, profilometers may be validated by assessing
the accuracy of their measurements when used for the different applications.

The most common application of a profilometer measurement today is for calculation of
aroughness index. The most universal measure of roughness is the so-called "in/mi"
statistic, as measured with response-type systems or computed with a quarter-car analysis.
A standardized form of the quarter-car index—the International Roughness Index
(IRI)—was routinely calculated from the profiles as an indicator of their accuracy. Results
involving the IRI have a relevance extending beyond the IRI statistic itself, because IRI
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- requires accuracy over a range of wavelengths of profile measurement that is also required
for many other roughness indices.

To produce a broader picture of the performance range of the profilometer, the profiles
were also processed to obtain power spectral densities (PSDs), and these were averaged
over certain wavebands to provide numerical values that could be used to quantify
performance. By comparing PSDs and the level of roughness in wavebands, it is possible
to quantify the range of wavelengths over which the profilometer is accurate.

Performance Summary

At the time of the RPM, the FHWA profilometer was in a prototype stage. The
performance was largely as expected, with several exceptions. In the period following the
RPM, as the profilometer was being developed into its deliverable form, certain changes
were made to correct deficiencies noted in the RPM testing.

Wavelength Range

The FHWA profilometer has a demonstrated measurement capability over the
wavelength range of 0.3 to well over 90 m (1 to 300 ft). The performance in this regard is
shown by the PSD of profile slope shown in figure 18. Although the profiles shown were
obtained with the Selcom road sensors, similar performance is achieved with the Southwest
Research infrared sensors. (However, on some surfaces the IR sensors attenuated the very
short wavelengths.)

The short wavelength limit of 0.3 m is determined by the profile sampling interval of 75
mm (3 in) selected for the profilometer. The limit is evidenced in figure 18 by roll-off in
the PSD measured by the profilometer above wavenumbers of 3 cycles/m (corresponding
to a wavelength of 0.3 m/cycle). A closer sampling interval could be used on the
profilometer, but carries with it the penalty of recording more data without any real benefit
for most applications. The only benefit from closer sampling intervals would be to
characterize pavement texture, but this requires more than an order of magnitude increase in
the data sampling rate and storage requirements. That objective was not within the design
intent of the FHWA profilometer.

The long wavelength performance is demonstrated in figure 13 by the close agreement
between the profilometer and the rod and level measurements down to wavenumbers less
than 0.01 cycles/meter (corresponding to wavelengths of 100 meters/cycle). The long
wavelength limit appears to be in the range of 300 to 600 m (1000 to 2000 ft); however,
this is hard to demonstrate because no reference measurements of that length are available
for comparison. The long wavelength limit is imposed because at normal highway speeds
the acceleration caused by these very long wavelengths is so small that there is a problem
with the signal-to-noise ratio in the instrumentation, even using the highest quality
transducers. With a GM-type inertial profilometer, the quality of the measurement of the
longest wavelengths increases with speed. That is, measurements made at higher speeds
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Note: The PSD functions have been offset vertically for
plotting.
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can be processed to include longer wavelength than measurements made at low speeds.
The filtering on the FHWA profilometer automatically cuts off the longest wavelengths as a
function of the test speed, so that the maximum valid bandwidth for a given measurement is
always available when profiles are viewed.

Roughness Range

The FHWA profilometer is capable of roughness measurement over the range of 1 to
10 m/km IRI roughness. This is the maximum range available from the test sites found in
the Ann Arbor vicinity, and used in the RPM. By and large, most public roads fall in the
range of 1 to 4 m/km IRI; while the special test sites at the GMPG were the source of
roughness near the 10 m/km limit.

During the RPM the FHWA profilometer was found to be capable of measurement only
up to about 8m/km IRI because of saturation of the accelerometer signal. The saturation
problem was unknown at the time, so the RPM report shows that limitation. Because of
that finding, the amplifier settings in the profilometer were changed to allow a greater
range, up to IRI values of 10 m/km (630 in/mi). (The Southwest Research Infrared
sensors have a smaller height measurement range, and their ability to measure roughness
up to the 10 m/km range was not confirmed.) The software includes error checking during
the data processing steps, and will alert the operator should any of the data channels reach
saturation.

Repeatability

~ Repeatability was evaluated in the RPM by obtaining repeated tests on some of the road
sites. Generally speaking, the repeatability of the profilometer measurements was much
better than the operator’s ability to start the test at identical points, or maintain the vehicle
on the identical road path. The repeatability of the FHWA profilometer can be fairly
characterized as on the order of 0.1 m/km IRI or better, although in repeat testing a range of
0.3 m/km may be observed because of the operator variables.

Reproducibility

Reproducibility was evaluated by comparing the measures from the FHWA
profilometer with those obtained from rod and level and from the other profilometers in the
RPM. As with repeatability, the reproducibility of the instrument appear to be better than
that of the operator. It is approximately the same as the repeatability: 0.1 m/km for the
machine, or 0.3 m/km when including the effects of the operator.

Operating Speed Range

The FHWA profilometer is designed for operation in the normal traffic speed range. In
the RPM, tests were conducted at speeds of 32, 56 and 80 km/h (20, 35 and 50 mi/h).
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Figure 18 showed a typical example of the capability to obtain the same profile PSD at any
of these speeds. Further, the data processing methods are such that the profiles themselves
look quite similar regardless of speed or direction of travel.

The upper limit on speed of operation is generally limited by the rate at which data can
be accumulated and written to the recorder over an extended period of time. If a high speed
test is performed over a long test section, that limitation can lead to an early termination of
the test, and the operator may have to backtrack to pick up again on the test section. In
general, testing at 88 km/h (55 mi/h) over sections that are 15 to 20 km (10 to 15 mi) in
length is possible.

The lower speed limit on operation is determined by the reductions in signal levels from
the accelerometers at low speed. As the signal levels drop, the signal-to-noise ratio is
affected, and the ability to measure long wavelengths diminishes. It is still possible to
obtain valid measurements down to speeds of 15 to 30 km/h (10 to 20 mi/h) on roads of
moderate roughness. (Figure 18 shows measurement validity at speeds as low as 32
km/h.)

When it is important to extend the bandwidth of the instrument to include wavelengths
longer than 100 m, the profilometer should be operated at the highest practical speed.

Road Texture Limitations

The FHWA profilometer has been tested over a broad range of surface types. For most
typical roads it functions correctly, although it should be noted that problems can arise due
to errors in the road sensors under certain surface conditions. These errors are deficiencies
of the road sensor, rather than the profilometer. In some cases, it is possible to add signal
processing features to the profilometer (either in hardware or software) to correct for these
errors, although that was not within the scope of this project.

The Southwest Research infrared sensor exhibits a certain amount of color sensitivity in
the height measurement.[16] Changes in color result in erroneous sensing of road height.
The phenomenon is illustrated in profiles shown in figure 19. The road surface was very
rough and patched, and it is assumed that the color sensitivity of the sensor led to the
obvious errors in the profile signal.

The Selcom Optocator was also subject to certain errors in reading the road surface.
The problems showed up on a peculiar pebbled surface at the GMPG, as shown in the
profiles of figure 20. The apparent noise on the signal may have been caused by signal
dropout as the small laser spot on the surface dropped into voids and was obscured from
the receiving optics. The sensor model on loan for these tests has the characteristic that the
output drops to the zero level when the image is lost, thus possibly accounting for the
"noise" seen on the profiles. It may be noted that other models of the Optocator include the
option of a holding circuit on the output when signal is lost, and would likely have
performed adequately on this surface type.
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Fig. 19 Invalid profile measured with the IR system on a rough, patched surface.
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CONCLUSIONS AND RECOMMENDATIONS

The overall objective of this project has been to assess the capabilities that are needed in
a road profilometer and to develop a design tailored to minimize life costs of the system.
That process led to the development of a system based on the IBM-PC microcomputer.
The advantage of that system is the low cost of the computer hardware, its familiarity to the
typical professional, the availability of software, the potential for making the system easy to
use and understand, and the capability for showing processed data immediately in graphical
form.

Table 1 shows a cost breakdown of the system, based on the 1984 list prices of the
components. (Although prices have changed since 1984, figures in the table may be useful
for estimating the cost involved in duplicating the system.) The table shows that the most
costly item is the noncontacting height sensor, estimated by FHWA to cost $8,000 per
sensor. Other optical height sensors, such as the SELCOM Laser sensors delivered with
the system, are more expensive. If the system needs only to measure a single longitudinal
profile, the cost can be reduced by $17,000 by eliminating two of the height sensors and
one of the accelerometers. On the other hand, if the system is upgraded to measure rut
depth in the two travelled wheeltracks, two additional height sensors would be needed at a
cost of $16,000. To summarize, the system cost is comprised of instrumentation costs in
the $20,000 range, plus the vehicle, road sensors, and installation costs. The cost of the
overall system depends mainly on the choice of the height sensor, and the number of
sensors installed.

If the instrumentation hardware used in the FHWA profilometer is duplicated, the
software should be directly transportable to other systems. Minor modifications are needed
to run on the more recent IBM AT microcomputer.

The conduct of the Road Profilometer Meeting (RPM) proved the capabilities of current
profilometer technology in road measurement, and led to the discovery of some of the
major shortcomings in practice. The most profound observation from the RPM was that
erroneous measurements can be made without operator knowledge, with the risk that
erroneous data may be entered into a highway department database. Because of the
complexity of a road profilometer, the operator cannot always be expected to detect
malfunctions in the system. Aside from the extensive training that may be required for this
purpose, not all malfunctions are obvious to an operator. Thus, it is essential to
incorporate more self-checking and diagnostic features into profilometer design, if
profilometers are to achieve their potential as pavement monitoring systems.

Keeping in mind the limitations of microcomputer technology embodied in the IBM-
PC, vintage 1984, the design has achieved profilometer capability with a reasonable level
of user-friendliness, and self-checking and diagnostics capability. The selection of that
computer family leaves open the door to further development of the system as successive
computer models become available. At this time, certain extensions of the system and its
capability appear to be worthy of further development, and FHWA projects in these areas
are recommended. These are:
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Table 1. Approximate costs of the components in the profiling and rut depth system.

NOTE: All prices are approximate and applied in 1984.

List Price
COMPUTER
IBM PC with 256K memory, 2 DS DD floppy disk drives,
monochrome monitor, floating point processor.........veeeerreeenenes 3,500
System Software and manuals ............coeeverieireinenreenennieennes 630
Hercules Graphics Board.........ccoevviiiiinininiiiiniiiiiinennenenen. 350
AST “Six Pack Plus” 384K memory, clock, serial port, parallel port 550
Data Translation Analog digitizer .........coeveveurrrrieeninrnneneninenes 1,500
Tecmar Expansion Chassis..........cocvevvuiiiiniiiiiiiininininiene, 950
ADIC Model Model Tape System........cceuveuerieirenenreeacnenennes 3,900
Printer and Cable.......ccciiiiieiiiiiiieeiiiiiicerrinnnicerernnceeeerennes 350
Hicomp 512K Bubble MEmMOIy ......ccovviviinieiininiineniinieneneenene. _1.500
13,230
SIGNAL CONDITIONING UNIT
Amplifiers, anti-aliasing filters, calibration control ...........ccceee. 3,500
Power supplies, cable, conectors, encloSUIeS..........oeuveeneenennenns 1,000
| 1175 (1 SO OO 1,000
5,500
TRANSDUCERS (as presently configured)
Magnetic Pickup for speed.....c...ccccocvvermnviniiiinsniiininincnecns 100
PN 2 (500011111 o SO 2,000
3 FHWA Infrared height sensors.........cooevvvviininiiiniininnann. 24.000
26,100
VEHICLE... ..ottt eeeieeeeee et eeeteeaeenseaneinesnseneensanneans 10,000
VIBRATION ISOLATION......ccetuiiniinninririnreneineeneiieieneieiennnn. 400
[TOTAL HARDWARE COST.......cccuvvireeiinirireeaeenineeeeeesanneeecensns 55,230 |
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Profile Analysis Extensions—The more data analysis methods available on a
profilometer, the more ways in which a system can be used. The delivered system
measures profiles for display in several formats, or for calculation of roughness
statistics. The addition of the waveband analysis software used in the RPM is
recommended as a reasonable next step in development. Waveband analysis allows
the operators to examine roughness from a different perspective with possible utility
in better characterizing how a road surface is deteriorating.

Certain problems with calculation of roughness statistics were noted in the RPM
that warrant further attention. Specifically, on profilometer systems that have the
accuracy and resolution to measure open cracks in a surface, the resulting
roughness statistic will be affected. The profile excursions into cracks are not
actually seen by the tire of a motor vehicle, because the tire will bridge the crack.
Thus, roughness analysis methods need to deal with this anomaly, and a practice
for dealing with this problem should be developed.

Rut Depth Measurement—Rut depth measurement systems as features on road
profilometers are drawing greater interest. Several methods for measuring rut depth
are in use which require different sensor configurations and different computation
methods. Although ruts will show up by any reference, the numerical values are
not necessarily the same. A standard definition of rut depth needs to be established.
Otherwise, even more approaches will appear in practice, with the age-old problem
that the measures from the different designs will not be comparable, and the
exchange of knowledge will be impeded.

Texture Measurement—The laser road sensors have sampling capabilities sufficient
for measurement of road surface texture at the scale that should relate to road
friction gradient. With suitable development (to overcome the loss of signal
problems) it should be possible to characterize surface texture concurrently with
profile measurement.

Road Geometry Measurement—Technology has been demonstrated by which the
vertical and horizontal geometry of a road can be measured from a moving
vehicle.[191 The development of a system in conjunction with the profilometer
allows a more complete mapping of a road system and its condition.
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