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FOREWORD

Two methods are available for measuring road roughness for pavement condition
surveys. Both can be used at highway speeds without interfering with traffic.
Cne method uses Response Type Road Roughness Measuring (RTRRM) systems. This
method measures the response of an instrumented car or trailer to road roughness.
The response depends on the vehicle, its condition, and the speed of measurement.
The second method measures the roadway profile, independent of the vehicle and
operating conditions., RTRRM systems are widely used because the equipment is
inexpensive. However, RTRRM systems require frequent calibrations, and the
measurement depends on many factars difficult to control,

Road roughness profiling is preferable to response type measurements. The
roughness profile can be obtained with sufficient accuracy and reliability. The
recorded profile can be used for calculating rideability, for calculating change
in PSI (Present Serviceadility Index) over time, for caiculating the amount of
overlay needed for resurfacing, for calibrating RTRRM systems, and more,

In recent years, reliable non-contact height sensors have become available,
making profiling equipment attractive. Furthermore, the same type of sensor can
be used for measuring rut depth. The PRORUT system developed for FWHA by the
University of Michigan provides an average rut depth by adding one height sensor
centered between the two sensors measuring the wheel tracks. The signal
processing and data analysis for profiles and rut depth are integrated. This
three-sensor system can be expanded by adding sensors to increase the accuracy
in measuring rut depth. However, the required accuracy depends on the use of
the data, and for most applications the average rut depth is probably adequate.
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ALJ__Director Office of Engineering
and Highway Operations

Research and Development

NOTICE

This document is disseminated under the sponsorship of the Department of
Transportation in the interest of information exchange. The United States
Government assumes no 1iability for-its contents or use thereof. The contents
of this report reflect the views of the contractor, who is responsible for the
accuracy of the data presented herein. The contents do not necessarily reflect
the official policy of the Department of Transportation. This report does not
constitute a standard, specification, or regqulation,

The Unitad States Government does not endorse products or manufacturers. Trade

or manufacturers' names appear herein only because they are considered essential
to the object of this document.
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INTRODUCTION

‘This manual describes the technical details of the hardware and software that comprise a
profiling and rut depth (PRORUT) measuring system that was designed and built by The
University of Michigan Transportation Research Institute (UMTRI) as a part of the FHWA
project "Methodology for Road Roughness Profiling and Rut Depth Measurement,”
Contract No. DTFH61-83-C-00123. The system is is simply called "the profilometer” in
this manual, although it is sometimes called the PRORUT in other documents. This
manual is part of a series of four reports dealing with the profilometer. The others are:

» Methodology for Road Roughness Profiling and Rut Depth Measurement—a
summary report for the project under which the profilometer was designed and
built.[1] '

s User's Manual for the UMTRI/FHWA Road Profiling (PRORUT) System—the
instruction manual for operating the system. (2]

o The Ann Arbor Proﬁlohetér Meeting—a report that describes some of the testing
and analysis methods used in its development, along with validation results.[3]

The FHWA profilometer is a digital data acquisition system based on an IBM PC
computer and 3M cartridge tape drive, with software that aids in the collection, processing,
and viewing of the data. It is built on the chassis of a 1974 Dodge B300 van provided by
FHWA. In addition to the computer system, the hardware also includes transducers for
measuring the speed of travel, vertical accelerations on the vehicle body above each
wheeltrack, and height above the road at the midpoint and in each wheeltrack. The
electronics system has provisions for two additional outboard road sensors so that rut depth
in the separate wheeltracks can be measured should additional sensors be installed.

The following section, "Hardware," describes the hardware components used in the
profilometer. Hardware designed at UMTRI is described in this section, schematics are
provided in appendix A, and cabling information is included in appendix B. Most of the
hardware components are commercially available, and detailed documentation for those
components is provided by the manufacturers.

The software for the computer system contains the following commercially available
elements:

« IBMDOS21 ,

* Microsoft Fortran (subset of Fortran 77),

* Halo Graphics Package (with Fortran drivers),
» UMTRI Fortran Library.

The rest of the software is written in Fortran to perform tasks that are specific to the
profilometer. The next four sections of this manual describe this software.



The section "Data Collection” describes the techniques used to control the hardware of
the system to collect data measured with the sensors on board the profilometer and record”
those measures on tape. Next, the section entitled "Computation Methods" describes the
numerical methods used to compute longitudinal profile, rut depth, and roughness from'the
transducer signals. The section "Data Files" describes the structures of the files that are
created by the profilometer. The final section in the manual, "Profilometer Subroutines,"
lists all of the Fortran procedures that were written to perform the tasks described in the
preceding sections and in the users manual. Appendix C documents a library of Fortran
extensions that allows improved handling of files and the display screen. Appendix D
contains the source listings of the profilometer code. |



HARDWARE

The FHWA profilometer is a digital data acquisition system, with appropriate
transducers, and software that aids in the collection, processing, and viewing of profile and
rut depth data. It is built on the chassis of a 1974 Dodge B300 van provided by FHWA.
In addition to the computer system, the hardware also includes transducers for measuring
the speed of travel, height above the road at the midpoint and in each wheeltrack, and
vertical accelerations on the vehicle body at two of the height sensors. The electronics
system has provisions for two additional outboard road sensors so that rut depth in the
separate wheeltracks can be measured should additional sensors be installed.

This section describes the hardware components used in the profilometer. The
computer components and transducers, described briefly in this section, are commercially
available products that include detailed documentation provided by the manufacturers. For
this reason, only the UMTRI-supplied hardware (analog signal-conditioning unit and
calibration IBM interface card) is described in detail. Appendix A contains all of the
schematics for the hardware built at UMTRI, and appendix B contains all of the cabling
information.

The Computer System

An IBM PC is the heart of the profilometer serving to control its calibration, operation,
data acquisition, data processing, and data viewing. An ADIC Model 550 Tape Recorder
system is used for recording the measured data. It is a 64-megabyte cartridge recorder
capable of recording at up to 35k Hz, which appears as four hard disk drives to the
computer. The PC is a standard commercial version with the following components:

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

+  AST Six Pack Plus with 384k memory, clock, senial port, and parallel port .

« Data Translation Analog I/O, Model DT-2801-A.

* Hicomp 512k bubble memory card .

+ C. Itoh dot matrix printer (IBM compatible) .

» ADIC tape control card, .

» (Calibration IBM interface card (custom-built with the signal-conditioning unit) .

A Tecmar expansion chassis is required with the PC to accommodate all of the extra
cards. Figure 1 shows an overview of these components.
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Figure 1. Overview of the liardware used in the profilometer.



The system software is installed on the 512k bubble memory card, which is retained in
memory even when the system power is turned off. The floppy disks 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 conditioning of the transducer signals is performed by an UMTRI analog signal
conditioning unit, described in a later subsection. The calibration IBM interface card is a
custom-built card designed to interface the IBM PC with the UMTRI analog signal-
condittoning unit, communicating signals needed for calibrating the data channels.

The IBM PC, the expansion chassis, and the tape recorder are mounted in the
instrumentation console behind the driver's seat, which is shock mounted with cable
isolators purchased from Aeroflex. The printer is mounted atop the console, and the
keyboard and monitor are installed on a pedestal next to the front passenger seat.
(Photographs of the system are contained in the users manual and the project report.[1.2])

Trarisduceré 7

Speed/Distance TrMMer

The vehicle speed and distance of travel are measured by a pulser installed in the left
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 approximately 0.37 in (10 mm) of forward travel for the installed tires.
(The exact relationship between the pulse interval and forward travel is determined by
calibration involving a measured distance. See section 3.3.3 in the User's Manual.[2]) 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 mtervals along the road as described
in the next section, "Data Collection.”

Accelerometers

The accelerometers are rigidly mounted in the vertical orientation on fixtures just above -
the road sensors in each wheeltrack. These are Sunstrand Model QA-900 servo
accelerometers, rated at 30 g's full range (250 g's shock), and 500 Hz natural frequency.
They have a threshold and resolution each better than 0.005 mg, and a maximum cross-axis



sensitivity of 2 mg/g. They are powered by +15 volts DC supplied from the signal-
conditioning system.

Road Height Sensors

Two types of road sensors were provided for test by FHWA— infrared noncontacting
sensors developed by Southwest Research Institute, and a set of Selcom Optocators. [4.5.6]
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 10 in (250 mm), 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.

Analog Signal-Conditioning Unit

Backplane

A picture of the signal conditioning unit backplane is shown in figure 2. The backplane
is a printed circuit card that holds the connectors for the transducer inputs, signal
conditioning cards, control inputs, control card, and pull-up card. Also on the backplane
are solder pads for the.A/D and test jack wiring. Most of the connections between cards are
accomplished with printed circuit traces, although some wire wrapping is used. Figure 3
shows the layout of the backplane. Transducers are interfaced via the 9-pin connectors at
the top. Two 25-pin connectors (DB25/A and DB25/B) bring in the calibration control
lines from the computer. The control card in the far right slot (as shown in the figure)
decodes these signals and distributes them to the remaining cards. The next 16 slots are for
signal conditioning cards. In the profilometer system, slots CO through C7 are occupied by
analog signal conditioning cards, C8 by the velocity converter card, and C15 by the A/D
check card. Slots C9 to C14 are not used for the profilometer. The last slot contains the
pull-up card. Power is brought in via a screw terminal on the left end of the backplane.

Test Jacks

Test jacks for monitoring the analog signals that get fed to the A/D converter are
mounted on the front panel and are provided for setup and diagnostic purposes. The jacks
are mounted in pairs with a ground jack for each signal jack so that standard dual banana
plugs may be used.
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Figure 2. Photbgraph of the signal-coﬁditionmg unit babkplane.
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Analog Signal-Conditioning Card

A picture of an analog signal conditioning card is shown in figure 4 and a block
diagram is shown in figure 5. The transducer connects to the card via a 9-pin connector
(through the backplane) and an I/O header. The jumpers on this header provide the
transducer's excitation (£15 volts for accelerometers and rate transducers and 0-10 volts for
strain gauges and potentiometers) and route the transducer outputs through the calibration
relay to the instrumentation amplifier. The computer measures the gain of the card by
switching this relay, The inputs to the instrumentation amp from the transducer are
disconnected and a D/A-generated calibration signal (staircase waveform) is inserted.

The output of the card is measured by the A/D and the amplifier gain is calculated using
a linear regression formula. (The same hardware can also be used for a strain gauge
bridge, in which case the shunt cal relay is used to connect a resistor in parallel with one
arm of the bridge. Because the voltage this generates is known to be equivalent to some
force, the computer can calculate the overall system gain.) '

The instrumentation amp, excitation regulator, and buffer amp in the dashed rectangle
of the block diagram reside in an Analog Devices 2B31 module. A 16-pin gain header
provides the connection of an offset pot to the instrumentation amp, the gain setting
resistor, the shunt cal resistor, and jumpering of the output of the instrumentation amp to
the input of the buffer amp. The computer adjusts the offset voltage of the card by sending
a digital value to an 8-bit D/A whose output is summed with the signal at the buffer
amplifier. Finally, the signal is filtered by a 4-pole Butterworth filter (contained on a plug-
in card) whose cutoff frequency is proportional to a clock frequency that the computer
generates. ' :

Filter Card

The filter card plugs onto the analog signal conditioning card. It contains a 6 volt .

regulator, a MF10 filter chip, and a filter for removing clock feedthrough on the output of
the filter. The filter is composed of two stages cascaded to give a 4-pole Butterworth filter.
Three resistors for each stage set the gain and the Q of the filter. The cutoff frequency of
the filter is proportional to the clock frequency delivered to the filter by the backplane. For
more information on the MF10 filter chip see a National Semiconductor Data book.

Configuring a Channel

A channel is configured for a specific transducer by entering the needed information
into the setup table of the profilometer software and also by putting the appropriate jumpers
and resistors on the various headers. Figure 6 shows an example setup table for the
profilometer as it is displayed on the display screen when running the profilometer
software. (See the User's Manual(2] for details on getting started with the profilometer
software.)

+
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The first item entered is the channel ID. This is the name of the channel and can be any
string of up to eight characters. The second entry is the type of units associated with the
transducer which is also limited to eight characters. The third entry is the transducer type
which can be 0, 1, or 2. A transducer of type 0 is one whose zero data value is assumed to
correspond to zero volts. In the profilometer, all transducers are type 0 and have their zero
data when the calibration bar is in the middle position. When a calibration of a channel of
type 0 is performed, the transducer remains connected to the amplifier during the nulling

process. The computer assumes that the transducer is in a zero data condition (at rest foran

accelerometer) and adjusts the amplifier so that the output is nominally zero volts (£.040
V). The amplifier gain is then measured by thc staircase procedure

(A transducer of type I does not have a convement zero data condmon Th1s often
occurs when a pot is used to measure a deflection that never has exactly the same zero
position, such as the static deflection of a vehicle suspension. When a calibration of a
channel of type 1 is done, the computer disconnects the transducer from the amplifier and
shorts the amplifier inputs. Thus only the amplifier is nulled. The amphﬁer gain is
measured by the staircase procedure.) IR

(A type 2 transducer is a resistive bridge transducer for which the zero procedure is the
same as for a type 0 transducer. The gain is measured via a shunt cal resistor.)

The fourth item in the display is the transducer gain (units/volt) for types 0 and 7 or the
shunt cal value (in units) for type 2 transducers. For the transducers provided with the
profilometer, these gains are measured according to the manufacturer's instructions. The
usual calibration method involves providing various levels of input that are known with
greater accuracy than will ever be required for the transducer, and measuring the
corresponding voltage outputs, At UMTRI, accelerometers are usually calibrated by
placing them on a tilt table so that the input is the sine of the tilt angle times gravity. Height
sensors are calibrated by attaching them to a machinist's mill and moving the bed of the mill
to prowde the input displacement.

The fifth item shown on the display is the nominal amphfier gam, with units of
volt/volt. This should be close (10%) to the actual gain because the calibration algorithm
uses it to calculate the input step size for the staircase waveform.

The next item is an offset, which is defined as zero for all of the transducers used in the
profilometer.

The actual amplifier gains cannot be changed by editing the screen. It is measured
automatically during an electical calibration, as described in section 3.1 in the User's
Manual. The value shown is the result obtained from the most recent calibration.

The final item is the full-scale value, which corresponds to the maximum reading of 5
volts. It is calculated for a type 0 or I transducer with the relationship:

Full scale = [transducer gain/amp gain] x5
For example, in the example setup from figure 6, the full scale for channel 0 is
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Full scale = 1.0395 (inches/v) / 2.0013 (v/v) x 5 (v) = 2.59706 inches
and for channel 2 it is
Full scale = 20.7319 (mi/h/v) / 1.6014 (v/v) x 5 (v) = 64.73 mi/h
Usually, the desired full scale is used to determine an appropriate amplifier gain.

Analog Control é‘ard

The analog control card occupies the far right slot on the backplane (se¢ figure 3). The
address and strobe lines from the DB connectors are routed to this card. Figure 7 shows a
block diagram of this card. One decoder decodes the address lines and the calibration relay
enable line into the 16 different relay control signals. One of these signals goes to each
analog signal-conditioning card and either turns on or turns off the calibration relay. The
second decoder decodes the address lines and D/A enable line into 16 different D/A enable
lines. These lines enable the 8-bit data bus to be loaded into a offset D/A on the selected
analog signal-conditioning card.

Velocity-Converter Card

The velocity-converter card occupies slot C8 on the backplane. Figure 8 depicts a
functional diagram of this card. The signal from the magnetic pickup on the left front
wheel comes in the 9-pin connector on the backplane and is fed into a LM2917 frequency-
to-voltage converter chip. This chip uses a frequency doubler so that the resolution of the
pulser is effectively multiplied by two. The output from this device is an analog signal
proportional to velocity, which then goes to a 2-pole filter that removes the ripple. The
filtered velocity signal is then dxrected to the velocity analog signal-conditioning card
elsewhere on the backplane.

The original pulser output also goes to a pulse shapcr and a differential line driver
whose output is a digital signal that is twice the frequency of the wheel pulser. This signal
proceeds to the A/D sequencer where it synchronizes the data sampling to a multiple of
wheel pulses (fixed distance sampling). :

A/D Check Card

The A/D check card occupies slot C15 on the backplane. Figure 9 diagrams the
operation of this card. The output of this card goes to the channel 7 input on the A/D card.
Normally the output of the analog signal-conditioning card in slot C7 is connected to the
A/D. For test purposes, this signal is removed and either a 2.5 volt reference or the
calibration D/A signal is routed to the A/D. The 2.5 volt reference allows the gain of the
A/D converter to be checked. The gain calibration of the D/A can be checked when it is
connected to the A/D.

14



‘Address‘ Lines

PR N
Oneof | One of
: Sixteen o | Sixteen
- Decoder - | Decoder
‘ — R > .
- S : D/A Enable 3
16 Calibration . ‘ - 16 D/A
Relay Select | X S N - -Select
Lines B : - S : . - |- Lines
: Cal Relay '
Enable
-Q.__

‘Figure 7. Block diagram of the analog control card.

15



- 91

Wheel
- Pulser

- LM 2917
Frequency to
'Voltage Converter
with Frequency

Doubling

2-Pole ' To Velocity Analog
Ripple Filter — Signal-Conditioning Card
Pulse - | | Differential | _To Calibration IBM
| Shaper [—®]Line Driver [~ nterface Card

Figure 8. Block diagram of the velocity converter card.



Com puter

Generated
D/A
| [Data Translation
Outputof | Switching A/D Board
Channel 7 . C _ Channel 7

2.5 Volt
Reference -

Figure 9. Functional diagram of r.heA!D check card.

17



Pull-up Card

The pull-up card occupies the left most slot on the backplane. This card contains a
voltage reference that all of the offset D/A's use. Since all of the data bus lines and the
filter clock come from:opto isolators on the calibration IBM interface card, pull-up rcsmtors
are required. These resistors reside on this card.

Calibration IBM Interface Card

The calibration IBM .interface card plugs into either the IBM PC or the expansion
chassis. It is a prototyping card with wire-wrapped connections. The card contains the
interface to the IBM addresses and data buses, circuitry to control the signal-conditioning
unit, and the A/D sequencer. |

IBM Bus Interface : ' '

Figure 10 shows the block diagram of the calibration IBM interface card (The
schematic is shown in figures 29-32 in appendix A. Figure 29 shows all of the bus
interface.) Two one-of-eight decoder/demultiplexer chips (74LS138) provide the address
selecting for the card ( address range #300 to #31F ). An octal bus transceiver (74LS245)
buffers the data lines and a octal buffer/line driver (74L.S244) supplies the bus control
signals. Finally a dual D-type flip-flop (74L874) connects the output of the A/D sample
counter to the PC interrupt controller.

Signal-Conditioning Unit Interface

The circuitry diagrammed on the right side of figure 10 constitutes the signal-
coenditioning unit interface. (Schematics are in appendix A.) All digital interface lines are
opto-isolated to allow flexible power-up sequencing and to prevent ground loops in the
analog interface. An 8255A Programmable Peripheral Interface chip provides both the
address lines and the control signals for the signal-conditioning unit. The control signals
(D/A enable, D/A strobe, cal select, and shunt cal select) are taken from port C of the
8255A because these lines are individually addressable. One of the counters in the
AMO9513 chip generates the clock signal for the anti-aliasing filters on the analog signal-
conditioning cards. Finally an eight-bit latch (74L.8273) interfaces the PC data bus to the
signal-conditioning unit data bus.

i

A/D Sequencer

The A/D sequencer is the most complex part of the calibration IBM interface card, and
the AM9513 system timing controller is the major component on that card. This chip
includes five general-purpose, 16-bit counters. A variety of internal frequency sources and
external pins may be selected as inputs for individual counters with software selectable
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active-high or active-low output polarity. Both hardware and software gating of each
counter is available. The counters can be programmed to count up or down in either binary
or BCD. The output from any of the counters can be connected via software to the input of
another.

Table 1 and figure 11 1llus(rate how the counters are used in the proﬁlometer The
table indicates the mode, direction, source, output type, and initial counter value for each of
the five counters. Figure 11 translates the above into the mode register bit assignments
which actually program the counters. Counter #1 is used to count down either a time-based
clock signal derived from the system clock or the signal from the wheel pulser via the
velocity-converter card. The output from this counter synchronizes the beginning of an
A/D scan with elapsed time intervals in the bounce test or distance intervals along the road
in the profile test. Counter #2 provides the control of the individual channel sampling (set
to the maximum rate for the Data Translation A/D board) within the A/D scan. Counter #3
counts down the output of counter #2 to provide a gating signal. For example, if there are
three data channels, only three pulses from clock #2 are gated to the' A/D. Counter #4
counts each of the samples and- gwes an output pulse when a buffer is full. This pulse
generates an interrupt which causes 'the DMA controller chip to be programmed with the
address of the next buffer. Counter #5 generates the ﬁlter clock and therefore is not used in
the A/D sequencer. S ¢

The A/D sequencer schemaue is shown in ﬁgure 30 in appendlx A, as part of the
calibration IBM interface card. Flgure 12 shows the timing diagram for the A/D sequencer.
The output of counter #2 ( OUT?2) is used as the clock input for flip-flops U35A and
U35B. The output of flip-flop U35A (TRIG1) is the output of counter #1 synchronized to
the falling edge of the signal from counter #2. The output of flip-flop U35A is the A/D gate
signal. This signal is high to enable the 25.3 Khz. clock into the A/D external clock input.
It goes high on the falling edge of the next clock pulse after TRIG1 and goes low when
counter #3 counts down (i.e., when all channels in the scan have been sampled). The
bottom line of figure 12 shows the output of the. A/D sequencer for the case of four
channels in an A/D scan. : :

Exercising the Hardware Usmg Soitware

The analog 31gna1 condmomng un1t can be exerCISed usmg several built-in functions.
Unlike other functions offered by the system 1hese do not have a well defined role in the
context of routine testing, checkmg, or maintenance. -: They were used during the
development of the system, and have been retained as tools that a technician may choose to
use as he or she sees fit. They are accessed by choosmg the option to EXERCISE
INPUT/OUTPUT SYSTEM from the main menu: A new menu then appears on the screen
offering the following options:

» SET CALIBRATION D/A allows the operator to set the value (£5 volt range) of the
cahbrauon s1gnal goin g into the cal1brauon relays on the a.nalog cards
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Table 1. Counter usage summary.

Counter Usage Mode |Direction Sou‘rce’ lOutpuf‘ | C\c;:lnut:r '
1 Distance-based division D Down |SRC2 | Postive | IDIV
1 Time-based division ‘D | Down | F1 Positive [  IDIV
2 A/D clock-25.3868 kHz D | Down | F1 | Toggle 47
3 Channel counter _'n : Ne';‘_"zgge SRC3 | Negative | NCHAN ‘|
4 ' Sarhple cqunter' D “e%?:;ge » SRC 4 Positive | P:JCSHAA':P)(
5 Filter clock generator D Down F1 _IFREQ

Toggle

IDIV_mches/sample / inches/pulse for distance-based sampllng

IDIV=2.386364 psec / sampling frequency
IFREQ= 1/3 of nominal sampling frequency
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Figure 11. Counter mode register bit assignments.
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Figure 12. Timing diagram for the A/D sequencer.
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« CALIBRATION RELAY switches the calibration relay to connect this signal to the
amplifier.

» SET OFFSET puts in an eight-bit value (+127) into the offset D/A on a card

« READ A/D samples a channel at an operator selected gam and frequency, and
prints out the average voltage over the glven sampling time.’

-« " WAIT FOR A SPECIFIED TIME checks the calendar clock. -

« CLEAR DATA TRANSLATION BOARD initializes the Data Translation A/D
board.

o SET DATA TRANSLATION CLOCK sets clock on Data Translation A/D board to
a specified frequency. :

« SET FILTER CLOCK sets the filter clock generator on the calibration IBM interface
" cardto the frequency that the operator inputs.

»  REST ORE ANALOG turns off all calibration relays and load all of the offset D/A's
with their last entered values. This command is used to restore the state of the
signal-conditioning unit when power is turned off to enable board removal and
insertion.

«  A/D REFERENCE switches on the AJ'D reference sngnal on the A/D check card so
that it can be checked with a voltmeter.

One use of these functions is to measure an amplifier gain. To measure the gain of an
amphﬁer switch the cal relay, put in two known voltages, read the outputs, and calculate
the gain based on the intervals.

' The bubble disk contains a program written in Basic that can bc useful for diagnosing
problems with the calibration IBM interface card. Called CNTTST.BAS, it sets up the
9513 chip and the related circuitry for trouble-shooting using conventional laboratory ,
equipment. The listing is included in appendix D.
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DATA COLLECTION .

Three different methods of data collection are used in the profilometer software. They
vary from the simplest, used in the calibration routines, to the very complex, used in the
test routine. The following subsections describe these methods and their performance
limitations. Considerations involving the sequence used to sample the transducers are also
mentioned.

Sampling a Single Channel Using Direct Memory Access (DMA)

Under the first method, the system collects data from one analog channel and requires
only the Data Translation (DT) A/D board. The data acquisition parameters of channel
number and gain are set via a call to the subroutine SETAD. Next the DT clock is set to the
desired sampling frequency through the subroutine DTCLOCK. Then the DMA controller
and the DMA page register on the PC motherboard must be set to their appropriate values.
Finally the collection begins with the start A/D command. As can be seen in part a of figure
13, the samples are taken coincident with the DT clock signal.

A very important limitation of the hardware is that a page boundary cannot be crossed
when collecting data via DMA. For this reason, at most 32767 samples can be collected
and the buffer address must be carefully chosen.,

The subroutine A2DONE, called by the calibration and transducer check routines, uses
the above method to collect data from one analog channel. To ensure that a page boundary
is not crossed, it finds the physical address (integer*4 ADDR) of the buffer IBUF and then
calculates the starting index into the buffer, i.e., IBUF (INDEX), so that the upper word
of ADDR and the upper word of the address of IBUF (INDEX+ number of conversions)
are the same. The address of IBUF (INDEX) is then loaded into the DMA registers by a
call to SETDMA.

Interrupt-Driven Sampling of Multiple Channels

The second method allows collection of up to eight differential channels for as long as
there is memory available. (Eight is the maximum number of channels on the A/D board.)
The start channel, stop channel, and gain are set via a call to SETAD. Part b of figure 13
depicts this operation. The DT clock is set to 20 Khz and the counters in the 9513 chip are
used to generate an interrupt at the specified frequency. This interrupt can be based on the
system clock or from the wheel pulser. When the interrupt occurs, the channels are
sampled in the order as specified above. If there will be a page crossing during a scan, the
interrupt routine uses programmed I/O to individually collect each data channel (20 Khz is
near the maximum frequency for programmed I/O). Otherwise, it programs the DT board
and the DMA controller to collect the channels and store the data via DMA. Because the
interrupt latency period is variable, this method does not give as precise a sampling interval
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as the DMA method described above. However, it does allow more than 32767 samples to
be taken . Also, since much of the CPU's time is consumed by acquisition of the data,
simultaneous checking of the data or writing the data to tape is not feasible. This method is
used only in the pulser test where the data are not saved to tape.

Sampling Multiple Channels Using DMA

~ The third method of sampling allows collection of up to eight differential channels (the
maximum number of channels on the A/D board) for as long as there is tape storage
available. The start channel, stop channel, and gain are set via a call to SETAD as in
method #2. In method #3 the DT clock is not used. An external clock generated by the
A/D sequencer circuitry synchronizes the acquisition of the data to the system clock (in a
bounce test) or to the wheel pulser (in a regular test). Part ¢ of figure 13 shows the external
clock generated for sampling three channels of data. This could also be accomplished by
using the DT clock and an external trigger. However, the maximum sampling rate would
be lower because of the time it takes the DT microprocessor to start the A/D after an
external trigger. Thus the DMA method is the most efficient way to collect multiple
channels for long periods of time.

Figure 14 shows how buffers in memory are used for collecting data using this
method. The buffer array is divided into 15 buffers of 16384 bytes each. The buffers
always include an integer number of complete scans. For example, with three channels of
data, only 16380 bytes of the 16384 bytes are actually used. As with the single-channel
DMA method, each of these buffers must not cross a page boundary.

The A/D starts by filling buffer #1. When the buffer is full, an interrupt is generated
and the DMA controller is set to point to the next buffer. At this time, the status of the next
buffer is checked. If it is already full, data collection is necessarily terminated to prevent a
loss of previously acquired data. Otherwise, the A/D continues to fill the buffers , one by
one, progressing from buffer #1 to Buffer #15 and then back to buffer #1. While the
buffers are being filled via DMA, the test software monitors their status. When a buffer is
full, it is written to tape and its status is cleared. Normally, the buffers are written to tape
and cleared shortly after they are filled, such that only a few buffers are in use at any given
time. Under these conditions data collection can continue until the segment of tape is full.

Sometimes the tape software must update the directory on the tape, causing the tape
writing to fall behind the data collection. This increases the likelihood that a full buffer will
be encountered and that the test must be terminated prematurely. As might be expected, the
system has an easier time keeping up when the incoming rate is low, as occurs when only a
few channels are sampled or when they are sampled at a low rate as occurs at low test
speeds. (Tests of over 10 miles have been done sampling five channels every three
inches.)

Due to a quirk in the design of the Data Translation board, the process of collecting data
is actually more complicated than indicated in the above discussion. The Data Translation
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board samiples coincidently with the external clock, but it does not store the last byte of the
sample until the next clock pulse. This causes the last byte of a buffer to be stored at the
beginning of the next buffer. To consider the effect this has on the data collection
software, consider the the first three buffers in a three-channel test, shown in figure 15.
The array BUFT contains the addresses that are loaded into the DMA controller by the
interrupt software. The array BSTRT contains the buffer beginnings that are used by the
write-to-tape routines. As can be seen in the figure, the high byte of the last sample of
buffer #1 is actually at the beginning of buffer #2. Since the buffer array is of integer*2
type, only a word address can be passed to the write routine. Thus, buffer #1 is not
written to tape until buffer #2 is full. The remaining byte (the high byte of the last sample
of the last channel) is moved into position in buffer #1, and then buffer #1 is written to

tape.
After buffer #1 is written to tape the first time, the ‘pointer in BSTRT(1) is incremented

because in the next pass the high byte of the last sample of buffer #15 will occupy the first
location of the buffer.

Valid Configurations

The Data Translation board allows eight differential channels to be sampled. The
channels that are sampled are determined by a starting and stopping index, such that all
channels between the start and stop are sampled. For example, it is possible to sample
channels 0, 1, and 2 by specifying the range O to 2; it is also possible to sample channels 5,
6, 7, and 0 by specifying the range 5 to 0. However, the hardware does not allow the
sampling of channels 1, 4, and 5 because they are not contiguous. -

Not all combinations of channels can be used to advantage with a road profilometer.
‘For example, there are no measures that can be obtained from two height signals that do not
include the vehicle response. Given the objectives of measuring longitudinal profile and rut
depth, the eight transducers for the profilometer have been assigned the permanent channels
indicated in figure 16. This layout puts the three sensors (height, acceleration, and
velocity) needed for longitudinal profile adjacent to each other in positions O to 5, so that
either profile can be measured efficiently by sampling only three channels. Figure 20
(contained in the section "Data Files") shows the valid configurations allowed for the
system along the channels that are sampled by the digitizer for each configuration.
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COMPUTATION METHODS

This section describes the mathematical transforms used to convert signals from the
height sensors, accelerometers, and speed sensor into slope profiles, elevation profiles,
roughness levels, and profiles of rut depth. Because all of the equations are applied in the
Fortran language, the equations are shown using Fortran notation. The many Fortran
functions and subroutines that make use of these analyses are descnbed in the later section,
Profilometer Subroutines.

In addition to the theoretical considerations of computing the desired measures from the
transducer signals, there are also practical issues to face when performing the calculations
on a computer with memory limitations. This section describes how buffers are used to
allow the data files to be much larger than the computer memory.

Equations and Signal Processing

Slope Profile

The UMTRI/FHW A profilometer computes 10ng1tudmal proﬁle using a variation of the
smethod invented by Spangler and Kelley at the General Motors Research Laboratory.[7]
Three measured signals—acceleration, height, and speed—are combined to yield the profile
of the road. For several technical reasons, the slope profiles are stored on tape rather than
the elevation profiles. The computation of slope profile includes five steps: -

1. the bias in the accelerometer signal is calculated and subtracted to minimize error in
the followmg 1ntegratlon

2. the acceleration signal is converted from temporal accelerauon to spatial
acceleration;

3. the spatial acceleration is integrated once to obtain a Slope signal;
4. the height signal is differentiated once to obtain a slope signal; and

5. the slope signals from the height and accelerometer sensors are added to obtain the
slope of the profile.

These steps are accomplished numerically for signals that have been d1g1t12.ed at a constant
spatial interval. The equations are shown below, using Fortran notation similar to the
computer code used in the subroutme PRFCMP descnbed in the section Proleomerer '
Subroutines. '

The first step is stra1ghtforwa.rd and is accomphshed using a Fortran functlon called
RAVE. The second step is achieved with the equation: :

ACCS (I) = SCALE * ACCT (I)/ SPEED (I) ** 2 () -
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where

I ) = sample number (1, 2, ...)
ACCT (I) = i-th sample of accelerometer signal (temporal, with units such as m/sec?)
ACCS (I) = i-th sample of spatial acceleration (with units such as 1/m)
SPEED (I) = i-th sample of vehicle speed (with units such as m/sec)
= scale factor needed to obtain correct units in eq..1. (If the signals have

SCALE

: the m-sec units indicated in parentheses, then SCALE = 1. In the present
software, SCALE is calculated from scale factors relating the units used
for the transducers to m-s equivalents.)

The third step is achieved with a digital filter, defined by the recursive equation:

S1 (I) = COFINT * S1 (I.- 1) + ACCS (I) * DELTAX 4 (2)
where
S1(D) = component of slope profile obtained from the accelerometer (m/m)

COFINT

constant filter coefficient slightly less than 1.000, defined below in eq. §
(dimensionless)
DELTAX = sample interval (with units of m)

The fourth step is achieved with a digital filter that has identical phase properties as eq.
2, but serves to differentiate rather than to integrate:

S2(I)=(COFINT*H(I+1)-H (i)) / DELTAX | Cu (3)
" where

S2(I) = = component of slope profile obtained from the height sensor (m/m)

H@ = i-th sample from the height sensor (with units of m)

The complete profile is the sum of the two components:

SP()=S1(1)+S2®I - . - 4)
where -
SP (D = slope profile (m/m)

The coefficient COFINT should be given a value slightly less than 1.0000. A value of
1.0000 means that the integrator and differentiator defined by egs. 2 and 3 do not include
any additional filtering to remove d.c. drift and very long wavelengths. In the PRFCMP
subroutine, the value of COFINT is determined by the equation:

COFINT = 1 - DELTAX /LNGWAV o o )

where
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LNGWAYV = A spatial equivalent of a time constant, which will be about 1/3d of the
longest wavelength of interest (m)

Rut Depth

Rut depth is computed from three height signals, as shown in figure 17. The rut depth
of a wheeltrack is the difference between the elevation in the wheeltrack compared to a line
drawn between two reference points on either side of the wheeltrack. Alternatively, a
middle rut profile is available that shows the average difference in elevation of the two
wheeltracks and a single reference point located between them. For each point, the rut
depth is computed using the relation:

R(D) = [(LL x HL(I)) + (LR x HR())] / (LL + LR) - HC(l) (6)

where

R(I) = i-th value of the computed rut depth :

LL = distance from left-hand height sensor to center height sensor
LR = distance from right-hand height sensor to center height sensor
HL() = i-th sample from the left-hand height sensor

HR(I) = i-th sample from the right-hand height sensor

HLI) =i-th sample from the center height sensor

These calculations are performed by the subroutine RUTCMP. The subroutine
calculates the rut depth for every sample and accumulates those results over ten samples.
The average is calculated and kept for later writing to to tape file,

Roughness

Roughness is computed using a quarter-car simulation using standard vehicle
parameters and a standard simulated speed of 50 mi/h. The measure is called the
International Roughness Index (IRI). The quarter-car simulation involves four variables
that define the computed motions of a reference vehicle. At each point along the profile,
each of these four variables are calculated using the equations:

X1(I) = X1(I-1) * S11 + X2(I-1) * S12 + X3(I-1) * S13 + X4(I-1) * S14 + P1 * SP(I)
X2(I) = X1(I-1) * S21 + X2(1-1) * S22 + X3(I-1) * S23 + X4(I-1) * S24 + P2 * SP(])
X3(1) = X1(I-1) * S31 + X2(I-1) * $32 + X3(I-1) * S33 + X4(I-1) * S34 + P3 * SP(I)
X4(I) = X1(I-1) * S41 + X2(I-1) * S42 + X3(I-1) * S43 + X4(I-1) * S44 + PA* SP() (7

where

X1(I)...X4(I) = 4 vehicle variables at the i-th position on road
S11...S44 = 16 coefficients that are called a state transition matrix
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‘Right Rut

Left Rut

Figure 17. Definition of rut depth used in the profilometer.
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P1...P4 = 4 coefficients that are called a particular response matrix
SP(I) = i-th value of slope profile

The 20 coefficients used in eq. 7 are a function of the sample interval, DELTAX. They
are calculated when the operator chooses the sample. interval, using the subroutine
SETSTM. The method used in SETSTM for computing these coefficients is described
elsewhere. (8] |

The roughness is accumulated using the Fortran line of code:

ROUGH (I) = ROUGH (I- 1) + DELTAX * ABS (X1(I) - X3(I)) | | (8)

The roughness is updated at every sample of slope profile, but only every tenth value is
stored on the tape. These calculations are performed in the Fortran subroutine PRFIRI.

Profile Elevation

The profile elevation is computed from the profile slope using the same digital filter
uses to integrate the accelerometer in eq. 3. The integration of slope is performed -
backwards to cancel the phase lag introduced when computing slope viaegs. 1 - 4. When
moving backwards (from the end of the test to the beginning) the numerical integration is
defined by the equation:

EP (I) = COFINT * EP (I + 1) + DELTAX * SP (I) | o)

where

EP (I) = i-th value of the elevation profile. |

This profile signal has no phase distortion introduced by the daté processing. This means
that the same profile should be measured regardless of the direction that the profilometer is
travelling over the wheeltrack. The elevation profile stored in the data file is computed by
the PRECMP subroutine. The GETELV subroutine—used to get elevation data for
plotting—also computes elevation using eq. 9 when detailed plots are requested by the
user.

Filtering with a Moving Average

The elevation profiles are always filtered to remove long wavelengths when they are
‘plotted. The filtering is accomplished by the subroutine HIPASS using a moving average.
A moving average is also used by the subroutine LOPASS to smooth the roughness and rut. -
depth profiles,

The moving average involves averaging an input signal over a nimber of samples to
obtain each value of the output signal, using the equation:

36



i+m-k | A | ‘
s = - Ty 3 (10)
m  j=ik '
y:(j) =j-th value of original (raw) signal
ys(i) =i-th value of smoothed signal

m = number of samples in the moving average baselength

k  =number of samples in 1/2 of the moving average baselength
b  =m x A =baselength of moving average

A =distance between samples |

In order for eq. 10 to duplicate a true moving average (as occurs in the limit when A
approaches zero), the value of m should not be too small. A value of m=9 points in the
summation is a reasonable lower limit. As m increases, such that the baselength is much
longer than the sample interval, the equation approaches a true moving average.

The computations 1mp11ed by eq. 10 are written more efficiently for the computer
software: ‘ ‘

v =ygi- D+ L [y+m-0-yG-k-] - 11
m

'Eq. 11 is recursive, meaning that the new value for y (i) depends on the previous
value, yg(i - 1). This equation is much more efficient than eq. 10: even if the moving
average includes thousands of points, each smoothed value is calculated from just two of
the original values (at sample numbers i+m-k and i-k-l) and the previous smoothed value,

The moving average is converted from a lopass ﬁ]tcr toa hlpass filter by subtracung the
smoothed signal from the ongmal 51gnal

Yh) = vz - ¥s(@) | N
where yy, is the hipass flltered signal. | |

Profile elevation is filtered using eqs. 10 through 12 to remove long wavelengths
whenever profile plots are made, using the Fortran subroutine HIPASS. Using only these
equations, the first k and last m-k values cannot be plotted. This is because eq. 11 requires
an initialization to obtain the first value of the smoothed signal, and it also "looks ahead.”
In order to show the entire filtered profile, including the first and last k points, artificial data
are added automatically by the software at the begmnmg and end of the measurement. The
extra points are generated using the equation: : .-

Ya) =YD +¥'+ G- 1) o a3

where
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y = slope of profile (with respect to sample number) for the first k Samplcs
ya(i) = artificial profile point
i =1k..00g0)

Eq. 13 generates additional poinis that lie on a straight line which connects to the elevation, .

of the first point of the measured profile. The slope V' is computed by a linear regressmn
between elevation and sample number over the first k samples.

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

Ya() =ym) + ¥+ (- ) N (14)

where

y = slope of profile (with respect to sample number) for the- last m-k samples
i =n+l .., n+m-k " '

These artificial ﬁo}nts are created as’necdéd baéed on the interval of profile t6 be
plotted and the current baselength for the moving average. They are never stored i in the
data file.

Plotting of Elevation

" Two methods are available for plotting elevation profile. These are available to the user
as quick and derailed. When the guick option is selected, the data are read from the
elevation part of the data file. The profiles have units of height, and are filtered with the
hipass moving average and plotted. When the derailed plotting is requested, the slope
profile data are read into memory and integrated backwards using eq. 9 to obtain the
detailed elevation profile. The first elevation value, used to initialize eq. 9, is obtained from
the elevation part of the data file. Thus the slope profile is always read up until the next
distance for which an elevation point is stored in the file. The elevation data is used to’
ensure that all elevation profiles that are computed have the same reference, which is an
(arbitrary) elevation of 0 at the end of the run. - By using the precomputed elevation data,

the slope profile can be integrated starting at any point in the file with the same result as

would be obtained by starting at the end of the file and integrating all the way back to the
data of interest. The Fortran subroutine GETELV is used to transfer the data from the file
to memory and to perform any necessary processing to obtain filtered elevation profiles. If
a detailed plot is requested, the subroutine loads the detailed slope profile and performs the
backwards integration. For either type of profile, the HIPASS subroutine is called to add
any necessary artificial points and apply the hipass moving average filter.
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Buffers and Memory Usage

Rut Depth and Roughness

The profilometer software reserves some of the memory of the machine for the storage
and processing of the signals measured with the profilometer. The available' memory,
shown in figure 18, is specified by the Fortran parameter MAXBUF. This memory is
divided into two sections—one to hold the raw data, and one to hold the rut depth and
roughness data. Both the rut depth and roughness signals are decimated by a factor of ten,
and therefore less memory is needed for the computed signals. (The decimation factor is
stored as the Fortran variable TRIM in the file header. The software will also work if a
different value for TRIM is used, but figure 20 in the next section, Data Files, should be
consulted to ensure that there will be room for the data in the file if a TRIM value smaller
than ten is used.) The speed signal is averaged and decimated by a factor of ten and the
decimated signal is also stored in the region of memory used for the rut depth and
roughness signals. The size of the region reserved for the raw data is given by the Fortran
variable NRAWFW and the size of the region reserved for the computed data is given by
the variable NRUTFW, Figure 18 shows the equations used to calculate the sizes of the
two regions as functions of the number of channels in each.

The averaged rut depth and speed signals depend only on the raw data currently in
memory, so the computation is straightforward. The roughness is computed by marching
through the data, calculating new values for the variables in the quarter-car simulation from
the profile and from the previous values of the quarter-car variables. The values of the
quarter-car variables are preserved between buffers.

" Slope Prdfile

The PRFCMP subroutine uses the same memory for storing the raw data signals
(input) and the computed slope profile (output). Once the slope profile is computed, the -
raw signals no longer exist. (Thus the rut depth calculations must be made before the slope
profile calculations.) Replacing the input data with the output data is a little tricky for
several reasons. First, the input data are integer*2 numbers, while the output data are
real*4 numbers. Second, the number of channels in the raw data is not the same as the -
number of profiles being computed. Third, eq. 3 requires two consecutive samples from
the height signal. It is important that none of the raw data values get overwritten until after
they are no longer needed. To ensure this, the mcmory areas used for the input and output
arrays are not exactly the same.

Figure 18 shows thc rélative positions of the data arrays in memory, and how those
arrays relate to the tape file. 'After processing, the tape fil¢ is divided into segments spaced
by NBUFFW reals (4 bytes = 1 real*4 number) from the start of one segment to the start of
the next. The amount of raw data read into memory for processing is slightly greater to
include one extra sample of each channel from the next buffer. This is needed in order to
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apply eq. 3 to compute the final slope profile samples in the buffer. Figure 18 shows the
extra data as a "1-sample overlap." The raw data values are stored in the integer*2 array
PCBUFI, and the computed profile values are stored in the real*4 array PCBUFR. As
shown, PCBUFI begins eight bytes (two real*4 numbers) after the bcgmnmg of
PCBUFR. Thus the first two elements in PCBUFR can be set without affecting any of the
PCBUFI data. (The 8-bytes offset is defined i in an mclude file called SETCOM, described
in the section Profilometer Subrounnes

Prafile Elevation

The profile elevation is obtained using a backwards integration and thus the
computation cannot begin until the slope profile has been completely finished. Hence, the
data processing takes place in two passes: in the first pass the slope profile, rut depth,
roughness, and averaged speed signals are computed and written to tape, replacing the raw
data. In the second pass, the slope profile is read from tape and integrated backwards to
yield the elevation profile, which is then written to tape. As indicated in figure 18, the
same memory locations used for storing the rut depth-and roughness data are used in the
second pass to store the elevation data. ‘The slope profile is put into the same place memory
as during the first pass. The elevation data always take less space than the rut and
roughness data, so there is no danger of overflow in using the NRAWFW and NRUTFW
buffer sizes calculated earlier.

+ Filtering with a Moving Average for Plotﬁng

The moving average is used for smoothing the rut depth and speed signals. The
plotting range available to the user excludes the first k and last m-k points from the file, as
required by egs. 10 and 11. The data are read from the file using the subroutine RDTAPD
and placed in the (large) array in common, PCBUFR. The signals are filtered usmg the .
LOPASS subroutine, which overwrites the data, replacing the original 31gnals ‘with
smoothed mgnals If there are NCHRUT channels, the data should begin at element
NCHRUT + 1 in the array. The filtered data will be put into the array starting at the first
clement. The first samples of the original signals are needed to compute the second sample
of the filtered signal (eq. 11), but are not needed after that. Thus values of the unfiltered
signals are overwritten as soon as they are no longer needed, and the filtered 51gnals will
begin at the start of the array where they are accessed by the plotter. ‘

The moving average is also used by the subroutine HIPASS to remove long '
wavelengths from the elevation signals. The user is allowed to plot all points that were
measured, from the first to the last. This requires that up to k artificial points be added to
the beginning of the profile when the plots include the start of the data, and that up to m-k
points be added to the end when that is plotted.

Figure 19 shows that the available computer memory is divided into five regions. (In
the Fortran subroutines, MOVAV1 is the number of points included in the moving
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Figure 19. Memory for plotting elevation filtered with moving average.
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average—m in eqs. 10 and 11-—and MOV AV2 is the number of points to the center of the
average—Xk in the egs.) N3 is the number of samples needed to show the range requested
by the user. N2 and N3 are additional samples of measured profile on either end of the
requested range that are needed for the moving average. N2 and N4 can have values
between zero and 1/2 the number of samples in the baselength of the moving average. N1
and N5 are additional samples of artificial data, generated by extrapolating the measured
profile with a linear regression. They will also have values ranging between zero and 1/2
the number of samples in the baselength of the moving average. The total of N1 and N2 is
MOVAV?2 (k in the eqgs.) and the total of N4 and N5 is MOVAV1-MOVAYV2 (m-k in the
eqs.). The data points in the regions N2, N3, and N4 are obtained from the data file by the
subroutine GETELYV. The artificial points in the regions N1 and N5 are added if necessary
by the subroutine HIPASS, which also applies the moving average.

As indicated in the figure, the unfiltered data are placed in memory with space at the
beginning for one sample of each profile signal. That space is used for the first sampie of
the filtered signals. The values of the following samples overwrite the unfiltered data as
shown, such that when the filtering is complete the signals to be plotted begin at the
beginning of the array and contain the correct number of points (N3).
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DATA FILES

File Types

A file containing data measured with the profilometer goes through three stages. First,
the transducer signals are stored in their original form during measurement. Second, the
signals are checked to validate the run. Third, the validated file is processed to compute
profiles of slope, elevation, roughness, and rut depth. The original file is- modified by the
processing, such that the raw data are overwnttcn when the profile and rut depth s1gr1als are
computed. :

In addition tq the normal road test, a spécial bounce test can be made with the
profilometer at rest. The layout and structures of the data files for bounce and road tests are
identical. ' : ' ‘

The files containing road data end with the IBM extension .DTA, and the files
containing bounce data end with the extension .BNC. When the user opens a file using the
profilometer software, the names of all files having the appropriate extension are shown on
the display screen. The status of each file (raw, checked, or processed) is determined after
the file is opened.

File Structures -

The Header

The first 2048 bytes in the file define a header that contains information describing the
test conditions and the layout of the remaining portion of the file. This information is
accessed by the profilometer software through an integer array SET contained in the
common block SETCOM, described later in the section Profilometer Subroutines. A
variable named TSTTYP is included in the header and defines the status of the file.

When the file is first created, the header contains the number of data channels, the
sample interval, scale factors, names of channels, the date, and many other pieces of
information related to the configuration of the profilometer and the type of measurement
that is about to be made. Many other variables are set and modified after testing and during
processing. :

After the header comes the data part of the file, containing the sampled signals
measured by the profilometer. During the measurement, the signals from the transducers
are digitized and writien to tape in the sequence they are taken. When these raw signals are
processed, the raw data are overwritten with new signals as described in the section
Computation Methods. The header is modified to include additional information related to
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the new layout of the file after it has been converted. The size of the data portion remains
fixed, but the structure changes when the raw data are converted to processed data.

The Fortran subroutine UPDSET updates the information in the header of an dpen file
by replacing the SET array as recorded in the file with the current version of the SET array
in memory. : ‘

Raw Data files

During measurement in both road tests and bounce tests, signals from the transducers
are digitized and written to-tape in the order that they were taken. Each sample takes 2
bytes and is accessed in Fortran as an integer*2 variable. The first NCHAN! x 2 bytes
contain the first sampled values for the NCHAN transducers, the next NCHAN x 2 bytes
contain the second sampled' values for transducers, and so forth. When the test is
completed, the data portion contains 4t least NCHAN x NSAMP x 2 bytes. For relatively
long tests, the data part of the file might include extra room at the end to allow for
processing requirements. Only the first NCHAN x NSAMP x 2 bytes contain valid data,
however.

The sequence in which the transducers are sampled depends on the configuration
selected by the operator prior to testing, as described in the subsection Valid Configurations
in the section Data Collection. Ten configurations have been defined in the profilometer
software, and the configuration number is stored as the variable TCONFI in the header of
the file. Figure 20 shows the order in which the transducer signals are sampled and stored
on tape for each of the ten configurations. For example, in configuration number 4, the
channels are stored in the sequence: hl, al, v, a2, h2, h3. (The transducer locations were
shown in figure 16 in the section Dara Collection, Methods.)

The digitized transducer mgnals are mteger*Z variables with values between 0 and
4095, inclusive. They are converted to engineering units with the equation:

Xij = (GjxDy) - Z; | | S (15)
where

X,J = i-th sample of channel j in engmeermg units

G; = gain for channel j

D,Lj = i-th digitized sample for channel j: (mtcger between 0 and 4095, mcluswe)
Z; = zero value for channel j

The gains and offsets are contained in the file header.

The data processing applied to convert the raw data into pfoﬁle and rut depth signals
requires that the output signals have an even multiple of ten samples. The processing also
requires that a reduction of at least one sample occur. Therefore, up to ten of the raw data,

1 NCHAN is the number of raw data channels; NSAMP is the number of samples.
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points at the end of the file may be ignored during processing. Figure 21 shows the
relationships between sample number and the distance traveled for the various forms of
data. The figure shows a consistent convention for relating sample number to distance, in
- which the first sample in the raw data file is defined as occurring 1/2 of the sample interval
before the start of the test site.

¢

Processed Data files

When the raw transducer signals are converted to profiles of slope, elevation,
roughness, .and rut depth, the original data portion of the file is overwritten. The main
reason for doing this is to minimize the need for fast-forwarding and rewinding the tape
during processing. A second reason is to avoid using excessive tape space copying files.
After the processing is complete, the file will contain three distinctly different types of data.
One type is the longitudinal slope profile of one or two wheeltracks, sampled at the same
rate as the raw data. The second type includes several profiles that are also calculated
- during processing which do not need to be sampled at such a close interval. These are: rut
depth, accumulated roughness, and measurement speed. These are calculated over an
interval of DXTRIM = 10 x DELTAX, where DELTAX is the sample interval used for the
raw data. The third type includes elevation profiles that are stored at intervals of DXTRIM,
which are used to provide quick plots of profile and to ensure that detailed plots overlay

properly.

The raw data from the digitizer require two bytes for each number stored; after
processing, the data require four bytes for each number. Figure 20 shows the space
required to store each kind of data, based on a nominal sample interval of 3 inches. Note
that in configuration no. 3 (two profiles, no rut depth) the processed data take up exactly -
the same amount of tape space as the raw data. This is why a decxmauon ratio of 10:1 was -
chosen for the rut and elevation data. ‘

The tape files may hold more data than will fit into the memory of the computer. When
this occurs, the file is processed using buffers and the three types of data are interleaved as
shown in figure 18 from the section Computation Methods. The first buffer starts
immediately after the header of the file. Each buffer has a length of NBUFFW reals.
(Since all of the processed data are real*4 numbers, it is convenient to use the size of a
real*4 number—4 bytes—as a unit of length. Using this convention, the total length in
bytes is NBUFFW x 4). In each buffer, the first NPRFFW reals contain the slope
profile(s). The next NRUTFW reals contain the rut (and roughness and speed) profile(s),
and the following NELVFW reals contain the plotting elevation profile(s). The remaining
part of each buffer is not used. (These sizes are added to the header of the file, along with
the number of channels in each of the three data sections. The channel numbers of the
various profiles are alsoput into the header section of the file.) The final buffer in the file
will usually contain less data than the others, but the buffer size is the same. When more
than one buffer is needed, the file is made large enough to hold one complete extra buffer
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when the measuring ends. (This is why there is sometimes a delay from the time that a test
is ended to the time that the system finishes writing to tape.)

The writing of the data into this interleaved form is performed only once, by the
PRFCMP subroutine that controls all of the data preproceSSmg All readmg of the data
after this is performed by the subroutine RDTAPD. .

The slope proflles have units of slope, ds defined by the units used for the height
sensors and the sample interval, These units cannot be changed by the operator, but could
be changed in the future by making a minor alteration in the software. (The scaling is
defined by names of the units and several scale factors stored in the header of the file.) The
units now used are in/ft. The sample 1nterva1 is stored in the header as the, Fortran variable
DELTAX. ‘

The computation method used for the slope profiles is designed to provide the greatest
amount of information possible. Whenever an accelerometer is integrated for a long time, it
is necessary to remove the lowest frequencies (longest wavelengths) because the noise in
the accelerometer is more significant than the acceleration from the road. The PRFCMP
subroutine used for this software sets the cut-off wavelength as a function of the test speed,
so that at higher speeds the additional information available for long wavelengths is
retained.

The first slope value is at the start of the test, at position x=0. (It is the slope from
-DELTAX/2 to +DELTAX/2.) The final value is number NPSANH’ and the length-of the
test is DELTAX x NPSAMP. (See. ﬁgure 21. ) -

The "rut” part of the file contains three kinds of signals: rut depth, test speed, and
roughness. All three signals are calculated for every sample, but they are then averaged
over ten samples and only the averages are stored. The sample interval for these signals is
stored in the header as the Fortran variable DXTRIM. The rut depth signals have the same
units as the height sensors. Presently, the units are inches. The speed signal has units of
mi/h. The first sample for these signals is the average from x=0 to x=DXTRIM. The final
sample is the average over the interval x=(NRSAMP - 1) x DXTRIM to x=NRSAMP x
DXTRIM. (See figure 21.)

The roughness signals stored in the rut part of the data files are actually accumulated
roughness, with the same units used for the height sensors (presently inches). Roughness
is always a positive quantity, and therefore the accumulated roughness always increases
from the beginning of the file to the end. The roughness between two points is obtained by
taking the difference in'the accumulated roughness at each point and dividing by the
distance between points. (This would give units of in/ft, so an additional scale factor of
5280 ft/mi, contained in the header, is used to show roughness with units of in/mi.) The
accumulated roughness by definition begins with zero roughness at x=0. The first value in
the roughness part of the file is the accumulation from x=0 to x=DXTRIM, and the last
value is the accumulation obtained by the end of the run, where x=NRSAMP x DXTRIM.
(See figure 21.)
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The third part of the file contains profile elevations that are needed for the plotting
software. They have the same units as the height sensors, presently inches. The elevation
profiles are calculated for every sample taken, but only one out.of every ten values is stored
in the file. The interval between samples is stored in the header as the Fortran variable
DXTRIM. These profiles are computed with the minimum filtering that can be used for the
test speed The appearance of an elevation profile is strongly dependent on the cutoff
wavelength used during the profile computation. Thus stored elevation profiles obtained at
different speeds will look different, because the filtering retains the additional long
wavelength information obtained with the higher speeds. The profilometer software
applies additional filtering when showing plots, such that profiles obtained at different
speeds will appear identical if the same filter baselength is selected by the user. (The only.
effect of the measuring speed that is shown to the user is the fact that longer baselengths are
permitted when tests are made at high speeds.)

Because the elevation is obtained using a backwards integration, the mapping between
sample number and distance is different than with the rut depth, roughness, and speed
signals. They all omit a value for x=0, and begin with an average taken from x=0 to
x=DXTRIM. In contrast, the elevation file includes a value for x=0, but omits the value
for x=NRSAMP x DXTRIM as indicated in figure 21. (The arrows in the figure show the
direction used in processing the data.) By definition, the elevation has a value of O at the
end of the file, at x=NRSAMP x DXTRIM, and therefore that point is not needed in the
file. The subroutine GETELV provides the extra elevation value of zero when an elevation .
at the end of the run is needed by the plotting software.
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PROFILOMETER SUBROUTINES

This sectmn describes the library of subroutines that makes up the profilometer
software. The subroutmes may be used by programmers wishing to further develop the
system, or to adapt some of the profilometer software to other applications. It also lists
and describes the individual fﬂCS that are executable or are referenced when using the
profilometer software. '

The software makes use of two additional libraries. One of these is a commercial
product called Halo, which contains subroutines for controlling graphic elements on the
screen during plotting. These subroutines are described in the Halo documentation. The
other library, developed by M. Hagan (before this project), extends the Fortran language to
provide the control of the screen needed to allow user friendly interaction with the
software.  The subroutines in this 11brary are described in appendix C.

Most of the software is written in the Fortran language in thé form of numerous
subroutines. Table 2 lists these subroutines in alphabetical order and provides a quick
reference. These routines are described in the remainder of this section, grouped by type in
the various subsections. The source listings for those subroutines are included in appendix
D. Many of these subroutines use Fortran common blocks to share information. The
common blocks are defined in include flles described below after the conventions used in
this section are defined.

Conventions

File Names

- The profilometer software consists of a single executable file called PROFILE.EXE and
several supporting text files. These are normally stored on the bubble memory of the
profilometer system, and are listed in the next subsection. The PROFILE.EXE file is
created by compiling the Fortran code and linking the resulting object files together with the
appropriate libraries.

The files that are provided have MS-DOS extensions, following the conventions:

— (no extension) text files used by PROFILE or include files required to
compile some of the Fortran subroutines.

.BAS — file containing code in the Basic language. (CNTTST.BAS is the only

Basic file.)
EXE — executable file. (PROFILE.EXE is the only executable file.)
.FOR — Fortran source files. If the source file exists, it will have the same name as

the corresponding .OBJ file. (For example, the file RDTAPD.FOR
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Table 2. List of all Fortran subroutines used with the profilometor.

ACAL (ICHAN, ROW) — Calibrate an analog data channel )

ADCHECK — Check the calibration of th A/D» and D/A converters.

ADSET (ADCURB,-BUFT, NBUF, BYTB, MAXB, BUFFCNT, DONE)—Set up the
data collection parameters and the interrupt routine.

A2DONE (ICH IGAIN, FREQ, NSAMPS, AV, VNSE) — Collect A/D on channel ICH.

AVEVEL (IBUF, NCI1, NS, RBUF, NC2, TRIM, GAIN BIAS) — Average and
decimate a (speed) 51gna1 : -

BATCH (DR) — Process a list of data files.

CALDA (V) — Set calibration D/A.

CALIB — Calibrate the analog hardware and check the helght sensors.

CALREL (ICH, ION) — Switch calibration relay. .

CHKSAT (HANDLE;AUTO) — Check the raw transducer s1gna.ls for saturation.

CONFIGURE — Select which data to collect. .

DEBIAS (ARRAY, NCH, NS, BIAS) — Subtract bias from 51gnal in real*4 array.

DTCLEAR — Clear the Data Translation board. '

DTCLOCK (F) — Set the A/D clock on the Data Translauon board

FILCLK (F) — Set the filter clock . ‘

GETELV (SKPLOT NSMP, MOVAV], MOVAVZ QNDPLT HANDLE IERR) — Get
elevation profiles from tape. .

GETLEN (X XLL XUL, UNITS, TITLE, PROMPT; IRET) — Prompt the user for
some type of length measure or range.

GOAHED (HANDLE) — Warn the user that some processing needs to be done

GRCURS (ISTART, IPLT, KCURS; NPTS, IMAX, NPTOT, NPMAX,TUPDT, XMIN,.
XMAX, XSTART, DX, YMIN, YMAX, ICH) — Wait for

.- the user to hit a key, then update plot parameters. . .

HIPASS (ARRAY NCH, Nl N2, N3, N4, N5, MOVAV], MOVAV2) — Filter a signal
with a hipass filter. - .

Function IAVE (ARRAY, NCH, NS) — Average value of mgnal in integer*2 array.

INITIO — Initialize I/O.

INITP — Initialize status variables and chcck the A/D board and the floating point -
processor. - ‘

IOEX — Present a menu of options to exercise the mput/output ha:dwa.re

LABEL (X, STRING, L) — Convert a real number into a string for Halo.

LOADTP — Load and initialize tape.. : . »

LOGQO — Draw the logo for the proﬁlometer

LOPASS (ARRAY, NCH, NS, MOVAV], MOVAV2) — Smooth a signal.

LRSLOP (ARRAY, NDIM, NSAMP, SLOPE) — Calculate slope of signal using a linear
regression.

MAIN — Show the Logo and offer the main menu to the user. -

MEASURE — Generate the menu for measuring data.
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Table 2. List of all Fortran subroutines used with the profilometer (continued).

MINV (ARRAY, N, D, LARRAY, MARRAY) — Matrix inversion.

© PLOT (MODE, IACTIV, NCHAN, NPTS, ICH, IIS, ITOT, DX, XMIN, XMAX,
XSTART, KCURS, YMIN, YMAX, NAME, UNITS,
XNAME, XUNITS, GAIN, OFF, IUPDT, ISTART,
NPTOT, NPMAX, TITLE) — Plot data using Halo
subroutines. ‘

PLTELV (HANDLE, QNDPLT) — Set up plots of profile elevation.

PLTRAW (HANDLE) — Set up plots of raw signals.

PLTRUT (HANDLE) — Set up plots of rut-depth and roughness signals.

PLTSEL (NCHAN, NAME, UNITS, XNAME, XUNITS, DX, XMIN, XSTART,
XRANGE, YRANGE, YMXRNG, NPTS, NPMAX,
NPTOT, KCURS, ICH) — Prompt user for the selection of

o channels and plotting ranges.

PRFCMP (HANDLE) — Convert raw data into slope profile, rut depth, IRT roughness,
and elevation profile.

PRFELV (BUF1, NC1, NS, BUF2, NC2, TRIM, DX, C, ENDELV) — Compute
compressed elevation profile from slope.

PRFIRI (BUF], BUF2, X1, X2, X3, X4, ROUGH) — Filter a slope profile mgnal using
the IRI qua.rtcr-car simulation.

PROCESS — Generate the menu for viewing data and call the appropriate subroutines.

PRTLF (LSCR, LLPT, LFL) — Add carriage returns after each line.

- PRTNUM (HANDLE) — Print numerics averaged over a specified interval.

PULSE — Check the calibration of the distance sensor.

PULTST (PASS DONE, JJ, CONV, MAXP) — Set up the interrupt and data collection
routine for the distance pulser check.

PUTYN (YESNO IROW, ICOL) — Put Y or N in specified screen location.

Function RAVE (ARRAY, NCH, NS) — Average value of 81gna1 in real*4 array.

RDSET -— Read in SETUP array from a text file.

RDTAPD (HANDLE, ARRAY, WHICH, OFFSET, NSMP, IERR) — Read numerical
data from processed file. ‘

RDTAPE (HANDLE, ARRAY, OFFSET, NBYTES, IER) — Read binary data.

RESTOR — Restore analog signal conditioning unit.

RUTCMP (HL, HC, HR, NCHRAW, NS, RUT, NCHRUT, TRIM, GAINL, GAINC,
GAINR, ZL, ZC, ZR, HLLAT, HRLAT) — Compute,
average, and decimate a rut-depth signal. :

SATMAX (ARRAY, NCH, N§, OFFSET, MAX, COUNT, NSAT, LSAT) — Check raw
data signal for saturation at upper limit.

SATMIN (ARRAY, NCH, NS, OFFSET, MIN, COUNT, NSAT, LSAT) — Check raw
data signal for saturation at lower limit.

SCLDWN (X, XNORM, XDOWN) — Scale a variable down.

SCLUP (X, XNORM, XUP) — Scale a variable up.
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Table 2. List of all Fortran subroutines used with the profilometer (continued).

SETAD (AD) — Set up the A/D parameters on the Data Translation board.

SETDMA (DM) — Set up the DMA controller.

SETSTM — Calculate coefficients for quarter-car simulation.

SETUPS — Edit the transducer information. :

STARTAD (FF,BUFST,BUFT,BUFFCNT,MAXB,ADCURB,DONE,INDEX) — Start
the data collection.

TCHECK (IC,ROW,IPOS) — Check a height transducer.

TEST (ITTY )—Collect data.

TIKSET (XMIN XMAX, TICK, TMIN, TMAX, NTICK) — Determine first and last tick
marks in a given range.

TSTDIS — Display summary of test parameters.

TWAIT (T)—Wait for a time interval.

UNLDTP—Unload the tape.

UPDSET (HANDLE) — Update the SETUP array that begins the current data file.

WRTAPE (HANDLE, ARRAY, OFFSET, NBYTES, IER) — Write binary data.

WRTSCR (FNAME) — Read names and coordinates from file, create screen display.

WRTSET — Write the SETUP array to a text file.

YESNOL (YESNO,IROW,ICOL,IRET) — Get Yes/No answer and set logical vanable

ZOFF (ICH,OFFSET) — Set the offset on an analog card.
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contains the source code for the subroutine RDTAPD and the file
RDTAPD.OB]J contains the compiled subroutine.)

LIB — libraries of subroutines that can be linked to other software.

.OBJ] — object files. These files contain one or more subroutines that have been
compiled and which can be linked to other software usmg the MS-DOS
linker.

Subroutine Descriptions

'The subroutines are documented in the following subsections. Each subsection covers =
a category, and the subroutines within that category are listed in alphabetical order. The
first line in each description gives the name of the subroutine, the argument(s) for the
subroutine in parentheses, and the name of the object file. If a Fortran source listing exists,
it will be in a file with the same name as the object file, but with the FOR extension rather
than the .OBJ extension of the object file. Next, the procedure performed by the
subroutine is described. The arguments are then listed in the order in which they appear
when calling the subroutine. Symbols are used to de31gnate whether an argument is an
input or an output:

— the argument is an input and is never modified by the subroutine. Constants can be
used for these arguments. If variables are used, they must have values before the
subroutine is invoked.

« the argument is an output and is set by the subroutine. Constants must not be used
for these arguments. Variables need not be initialized before calling the subroutine,

<> the argument is both an input and an output. The subroutine uses the initial value of
the variable, but may update it. Constants must not be used for these arguments.
Variables must be initialized before calling the subroutine.

Finally, any include files needed to compile the subroutine (using the source listing)
will be cited. The actual include statements used in the Microsoft Fortran compiler are
shown. A short discussion of why the file must be included is usually provided.

Common Blocks and Auxiliary Files

Files Used by the Profilometer Software

Several files are accessed by the program PROFILE, and are listed in table 3. The
contents of the text files are included in appendix D along with the source listings. All but
the file NAME.VOL should be present in the bubble memory (drive C) in order for the
software to function properly. The following descriptions of the individual subroutines
specify whether an auxiliary file is used by that subroutine.
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Table 3. List of auxiliary files needed by the profilometer software.

Fle Name

Descriprion

CONFIG.SET

LOGO
NAME.VOL ..
PRTSCR

SETUP.SET
TSTSCR

~ text file containing parameters that define the ten possible transducer

configurations. '

- text file containing screen coordinates and labels used for the logo.

file on the tape with variables describing the tape status.

text file containing screen coordinates and labels used for setting up to
print numerics.

binary file with current setup data, equivalenced to the SETUP array.
text file with screen coordinates and labels used for creating the screen
display for a test setup. v
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Include Files

To aid in the development and maintenance of the software, the lines of code that define
these blocks are kept in special include files. When a program is compiled, an include file
is inserted into the program in place of an include command that gives the name of the file.
When many subroutines employ the same code, that code can be put into an include file to
shorten the files for the individual programs. If the code in the include file is modified, the
various files that make reference to the include file need not be changed. (However, they
must be recompiled.) Many of the profilometer subroutines share data using Fortran.

common blocks. The definitions of these blocks and the variables they contain are keptin -

include files.

Table 4 shows which subroutines make use of five include filés used in the
development of the software, described below:

BUFCOM — defines the common block BUFFER, which contains 262,144 bytes
of memory that are used to store samples of variables that are measured and
processed at various times. The memory can be addressed using three arrays that
overlay the same space through use of the Fortran EQUIVALENCE statement.
These arrays are:

IBUF — an integer*2 array of length 131,072.
PCBUFR — areal*4 array of length 65,536.

PCBUFI — an integer*2 array of length 131,068 which has an offset of 8 bytes
in the EQUIVALENCE, needed for the profile computation
subroutine.

The size of the array PCBUFR is also available as the Fortran parameter MXBESZ.
HANDLES — defines several variables that are listed in table 5.

IOPARMS — defines Fortran parameters that are required when accessing the I/O
hardware. These parameters are listed in table 6.

SETCOM — defines an integer*2 array SET in the common block SETCOM.
Every data file measured for a road test or bounce test begins with 2048 bytes that
correspond to this, which overlays a number of smaller arrays and scalar variables
by using Fortran equivalence statements. Table 7 lists all of the variables that are
contained in this common block, and table 8 shows how these variables are mapped
onto the SET array through the use of equivalence statements.

This is where any data related to a test is kept, other than the sampled values of the
test variables. Some of these variables are set before the test (time, number of
channels, etc.). The number of samples is defined at the completion of a test. Other
variables are set during the various stages of data processing. Finally, some
variables are used to record how the data are plotted, so that the next time the plotter
is invoked the default values will be those most recently selected by the user.
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Table 4. Map showing the usage of include files.

BUFCOM

HANDLES

IOPARMS

SETCOM

STATCOM

ACAL

X

ADCHECK

ADSET

A2DONE

AVEVEL

BATCH

CALDA

CALIB

CALREL

CHKSAT

CONFIGURE

DEBIAS

DTCLEAR

DTCLOCK

FILCLK

GETELV

GETLEN

GOAHED

GRCURS

HIPASS

[AVE

INITIO

INITP
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Table 4. Map showing the usage of include files (continued).

BUFCOM

HANDLES

IOPARMS

SETCOM

STATCOM

IOEX

X

LABEL

LOADTP

LOGO

LOPASS

LRSLOP

MAIN

MEASURE

MINV

PLOT

PLTELV

PLTRAW

PLTRUT

X XX |

PLTSEL

PRFCMP

PRFELV

PRFIRI

PROCESS

PRTLF

PRTNUM

PULSE

PULTST

PUTYN
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Table 4. Map showing the usage of include files (continued).

BUFCOM

HANDLES

IOPARMS

SETCOM

STATCOM

RAVE

RDSET

X

RDTAPD

X

RDTAPE

RES