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Project Abstract

The categorization and quantification of the type, severity, and extent of pavement
surface disiress is a primary method for assessing pavement condition. The current deta
collection system in the Arkansas State Highway and Trangportation Department
(AHTD) uses an andog and frame based video van, which does not provide automated
pavement surface imaging capabilities. This project includes the evauation of a newly
developed survey system by the RoadWare Corporation in Ontario, Canada. The survey
system from RoadWare includes data collection and a recognition engine cdled
WiseCrax. The evauation compared sdlected results from the automated survey from
RoadWare and results from manua survey by AHTD gtaff. The report also describesthe
gtatus of technology in the area of automated pavement distress survey and possible
future directions. The report concludes that there ill exist limitations in accuracy, Soeed
and degree of automation with WiseCrax and other existing systems.



Report Summary

Large infrastructures are usualy constructed with materids that exhibit distresses
after congtruction because of |oading, environmental conditions, and aging. Thelarge
infrastructures include pavements, chimneys of nuclear power plants, skyscrapers,
pipelines, and others. The distresses are presented in the form of surface cracking in
most Stuations. Successful automation of surface distress surveys would reduce the
overal cost of performing distress surveys and provide more objective and standardized
results for rehabilitation management.

In highway management, the most widdly used method of ingpecting the surface
distress of highway pavementsis based on human observation. However, manud
surveyswork well only at the project level, because this gpproach is extremely labor-
intengve, prone to errors, and hazardous. At the network level, manua surveys consume
too much time and too many resources. An ided automated distress detection and
recognition system should find dl types of cracking, spaling, and any other surface
distress of any size, a any collection speed, and under any weether conditions. The
automated device should be affordable and easy to operate. In recent decades,
technologica innovations in computer hardware and imaging recognition techniques
have provided opportunities to explore new gpproaches to automating distress surveysin
a cost-effective way. However, despite the performance improvements of newer
generation equipment over the older systems, problems till remain in the areas of
implementation cogts, processing speed, and accuracy.

Currently the Arkansas Highway and Trangportation Department (AHTD) hasa
multi-function highway data vehicle, which is used to collect pavement surface images
with two analog cameras. The vehicle is dso used to collect other types of data, such as
roughness and rutting. The survey of pavement conditions has to be conducted manudly
in the office after the data are collected. In order to evauate the technology of automated
survey systems and study the future needs of pavement surface condition surveys, AHTD
decided to fund this project to study an existing automated system.

Severd automated systems for pavement distress surveys are available at present. In
the U.S. market, two vendors probably have the dominant market share. The RoadWare
Corporation of Ontario, Canada, has recently developed a survey system that includes
data collection and a recognition engine called WiseCrax. A highway agency can ether
own the WiseCrax system or have the pavements surveyed by the vendor as a service.
The other mgjor vendor in the U.S. is TERRECON, which has developed the PAVUE
sysem. TERRECON only provides the survey service and does not sell the PAVUE
system to users, primarily because of the complexity of operating the syssem and the high
cost of condructing such a system.

The objectives of this study were to (1) evauate both the RoadWare data collection
system and WiseCrax, and (2) make appropriate recommendations to AHTD regarding
capabilities and performance of the WiseCrax system, and future needs. The data
comparison between the results from WiseCrax and the results from manud surveysin
this report demongirates that there are il large differences between them. None of the
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technologies reviewed in this study is fully automated with red-time processing
capabilities. The accuracy of the systemsis not proven. The data comparison indicates
that the automated system has no difficulty in finding cracks. The problem liesin the
classfication and quantification of the cracks. This problem is not vendor specific and
has been aresearch topic for years.

Despite the severe limitations on the capabilities of available automated systems, the
Pl believesthat, when there is an immediate need to use an automated system, useful
results can be obtained if proper control parameters and manud interventionsare used in
assiging the survey. However, it should be noted that distress information from one
automated survey only revedsthe relative distress levels of roadway sections that have
gone through the same survey. The repeatability of automated surveys has been dways a
subject of discussion and research. Therefore, the results may not be directly compared
with manua survey results or with results from automated surveys conducted &t different
times on the same locations.

Currently available technologies of automated distress surveys are al based on
andog video capturing and sorage. The limitations of using analog video lieinits
difficulty in working with computers and its low resolution. Asaresult, the WiseCrax
system uses two andlog cameras providing lane-resolution of about 1000 pixels. The
PAVUE system uses four cameras, providing lane-resolution of about 2000 pixels. In
addition, the analog video information has to be digitized to be processed by computers.
This process adds to the cost of the system and increases the complexity. Furthermore,
pavement surface images of any roadway section are contained in andog-based
videotapes. It isinconvenient for usersto examine specific pavement surfaces.
Therefore, better technology is needed to overcome these limitations.

Digitd video and microcomputer technologies are becoming affordable and capable
of high performance. When high-resolution digital images of pavement surfaces are
captured, stored, and processed with high-performance microcomputers, the data flow
becomes smpler and potentidly the cost of developing such a syslem becomes lower. In
addition, resolution of industria digital cameras can be as high as 2000 pixels per line,
which is equivaent to the resolution of PASCO’s 36mm films used in SHRP and LTPP
projects. Asthe capacity and performance of new disk storage systems increase, the
problem of storageis eliminated. For instance, it takes about 110 gigabytes of storage to
archive pavement surface images of 1,000 kilometers at the resolution of 1.83 mm per
pixel (2000 pixels per 12-ft lane) after 10:1 compression. Users therefore can
conveniently query images of pavement surfaces through the computer network in the
office.

Furthermore, high-performance parale processing boards that can be plugged into
microcomputers can be used to process the images at red-time asthe images are
collected. These boards are normaly populated with several ultra-fagt Digita Sgnd
Processors that can be programmed to devel op crack maps and find the lengths, widths,
and orientations of the cracksin pardlel. New technology can help solve the problems of
existing automated distress survey systems.
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INTRODUCTION

Large infrastructures are usualy constructed with materids that exhibit distresses
after condruction due to various loading, environmenta conditions, and aging. The large
infragtructures include pavements, chimneys of nuclear power plants, skyscrapers,
pipelines, and others. The distresses are presented in the form of surface cracking in
most Stuations. Successful automation of surface disiress survey would reduce the
overal cost of performing distress surveys and provide more objective and sandardized
results for rehabilitation management.

For the inspection of the surface distress of highway pavements, the most widdy
used method to conduct such surveysis based on human observation. This gpproach is
extremely labor-intensive, prone to errors and poses hazard. Anideal automated distress
detection and recognition system should find al types of cracking, spdling, and any other
surface distress of any Sze, a any collection speed, and under any weether conditions.
The automated device should be affordable and easy to operate. In recent decades,
technologicd innovations in computer hardware and imaging recognition techniques
have provided opportunities to explore new approaches to automating distress survey in a
cost-effective way. However, despite the performance improvements of newer
generation equipment over the older systems, problems dill remain in the areas of
implementation cogts, processing speed, and accuracy.

Currently, Arkansas State Highway and Trangportation Department (AHTD) has a
multi-function highway data vehicle, which is used to collect pavement surface images
with two analog cameras. The vehicleis aso used to collect other types of data, such as
roughness and rutting. The survey of pavement condition has to be conducted manually
in the office after the datais collected. In order to evaluate the technology of automated
survey systems and study the future needs of pavement surface condition survey, AHTD
decided to fund this evauation project to study an existing automated system.

The god of this project was to evauate a newly developed survey system by the
RoadWare Corporation in Ontario, Canada. The survey system includes data collection
and arecognition engine called WiseCrax. The objectives wereto (1) evauate both the
data collection system and WiseCrax, (2) make gppropriate recommendationsto AHTD
regarding capabilities and performance of the WiseCrax system, and future needs.

SYSTEM DESCRIPTION OF THE SURVEY SYSTEM FROM ROADWARE

Theimaging sysem indudes three sub-systems. data collection, crack identification,
and digress dasgfication. The vehicle platform isthe Automatic Road Anayzer
(ARAN), which is aso used to collect other types of roadway data Only the imaging
component for distress survey in the vehicle is discussed in this report. The description
of the RoadWare' s WiseCrax relies on the company literature and the PI’ sreview of the
sysem.



Data Collection of WiseCrax

Pavement surface images are collected with two continuous video cameras, covering
the survey lane of about 4 meters. The cameras are black and white Charge- Coupled
Device (CCD) cameras. Both cameras are supported by two stretched-out beamsin the
back of the vehicle and face perpendicularly to the pavement surface. Video images are
recorded into S-VHS format. Each cameraiis about 2.4 meters above the pavement
surface and covers 2-meter wide area. The cameras use the non-interlaced technique in
capturing and recording. As the result, each captured image has the resolution of 640
pixels by 480 pixels after digitization. Images from each cameraare sored sequentialy
inonetgpe. This sorage techniqueis dso caled multiplexing. The images are de-
multiplexed when being processed.

A speed-encoding dgorithm is applied so that Smultaneous images from the two
cameras and sequentia images from one camera form a uniform pavement surface
covering the entire lane. RoadWare indicates that the speed-encoding agorithm alows
the cameras to capture images at 80 km/h. Camera shutters are synchronized with strobe
lights to provide artificid lighting to ensure that (1) the cameras can get enough visua
information in avery short period of time when the vehicleistraveling, (2) collected
images are without shadows.

Crack ldentification

In WiseCrax, the crack identification process begins with the digitizing of the
pavement video collected with the two cameras. Thevideo isin the Y/C andog format
which must be converted into digital images for computer processing. 8-hit gray scae
images are obtained from the digitization process. The identification process tried to
identify each crack. Thelocation of the beginning and end of each crack is referenced
using an x-y coordinate sysem. The crack length, width, and orientation are dso
computed and saved. The process of digitizing to gathering statistics on individual cracks
issmilar to the process of “vectorizing” araster image used in Geographical Information
Systems.

Once the crack “vectors’ have been identified, the system plots them, creating a
crack map of the pavement surface. A datistic report is aso created during the crack
identification phase. Each crack is represented in asingle entry in the table, showing the
location, start and end points, length, width, and orientation of individua cracks.

Crack Classification

Since the definitions of distress categories vary from agency to agency, WiseCrax
compares the location, length, and width of cracks againgt criteriafor various crack
distress categories. For ingtance, if cracksin ablock pattern are more than 300 mm apart,
it may be dassfied ablock cracking. If they are closer together, it may be classfied as
fatigue cracking. WiseCrax has the flexibility to process data as new classficaion
definitions are devel oped.



M odes of WiseCrax Operation

WiseCrax operatesin two modes. automated and interactive. In automated mode, al
processing is done without human intervention, once the initidization parameters on
pavement type, cameraand light settings, etc. are set. Interactive mode alows the user to
review, vaidate, and edit the WiseCrax results. For instance, the automated mode can be
run firg, the display shows the pavement image with overlaid color linesindicating the
presence of cracks. The user can then point-and-click to add, delete, or modify the
results. For quaity control purposes, the interactive mode is normaly used to perform
datigtica validation of automated results using random samples of data.

DATA ANALYSISOF THE WISECRAX RESULTSAND THE M ANUAL SURVEY

Thefollowing events occurred during the evauation of WiseCrax:

(1) A trip wastaken by the Pl in October 1997 to the company Site to examine the
operation of the hardware and software of WiseCrax.

(2) Hands-on operation of WiseCrax by the Pl and the research team was not
available as AHTD and the University never had possesson of any WiseCrax
hardware and software.

(3) RoadWare collected distress date on approximately 460 miles of roadway, and
ddivered videotapes and data andyss report to the Pl in March 1998. The
attached Appendix contains the RoadWare report to the research team.

The survey locations were determined by AHTD and include the following locations:

(1) 1-30 Sections 11, 12, 13, 14, 21, 22, and 23 from Texas/Arkansas state line to the
intersection with 1-430 in Pulaski County. Approximatdly 151 miles of one
outside lane.

(2) 1-40 Sections 11, 12, 21, 22, 31, 32, 33, 41, 42, 43, 51, and 52 from the Okla/Ark
date line to the intersection with I-55. Approximately 277 miles of one outsde
lane.

(3) US. 65 Section 12 Log Miles8to 9 in Pulaski County. Both Southbound lanes.

(4) US. 65 Section 12A Log Miles0to 3.29 in Sdine County. Both Southbound
lanes.

(5) SH. 5 Section 7 Log Miles 14 to 15.5 in Sdine County. Both lanes.

(6) Maumédlle Blvd. S. H 100 Section 0 Log Miles 0.0 (S. H. 365) to 2.0 in Pulaski
County. Both outside lanes.

(7) SH. 367 East of Cabot Section 14 Log Mile 5.6 to Section 15 Log Mile 2.5 a
intersection with U. S. 64 in White County. Northbound lane from Cabot to
Beebe.

(8) S. H. 11 Section 9 Log Miles2.66 at 1-40 to 13.63 at the intersection with S. H.
38 in Prairie County. Southbound lane.



Description of WiseCrax Used for this Evaluation

The RoadWare report (Appendix) states that the accuracy of crack detection exceeds
85% on most pavement surfaces. Processing speed for WiseCrax islargely dependent on
pavement type, surface conditions, the amount of crack present, and the speed of the host
computer. Typica speeds range from 3 knvh to 7 kmvh for asingle Pentium Pro CPU a
200 MHz. This speed range confirms with the PI’ s observation during the examination at
the company ste. It should be noted that the computation related with image processing
in WiseCrax is carried out in the host CPU.

The theoretica resolution of each cameraiis about 640 pixelsin transverse direction.
The maximum possible resolution for the two camerasis about 1280 in transverse
direction. Assume 3.66-meter (12-ft) wide lane, the smallest possible width of detectable
crack isabout 2.9 mm, or about 3 mm as reported in the Appendix.

A distress classification system was devel oped by the Federa Highway
Adminigration (FHWA) in the Strategic Highway Research Program (SHRP). The
SHRP method establishes arating system to categorize pavement distress by type,
severity and extent. The RoadWare andysis of the distress data was based on the SHRP
method. The basic distress categories reported by WiseCrax are transverse, longituding,
fatigue and block cracking. Longitudina distressis further classified into distressin the
whed path and distress not in the whed path. Each type of distress hasthree levels of
Severity: low, medium and high.

Crack mapsin WiseCrax can only be saved for examination when the user makes
specific requests for the computer to save aparticular crack map. Therefore, except the
sample crack mapsillustrated in the Appendix, RoadWare did not provide any other
crack mapsto the Pl. The output database generated for this project by RoadWare
contains one row of record with fields on basic engineering data and digtress information
on the road for each 100-meter road segment. Samples of this database are dso shown in
the Appendix. The datafile containing the database isin the dbf file forma whichis
viewable through MS ACCESS database or EXCELL spreadshest.

Comparison between the WiseCrax Resultsand Manual Crack Map

AHTD dgaff manudly surveyed sections of roads in the following locations. Crack
maps were drawn for the following respective sections of roads.

Route | County Dir L ocation

5 Sine Both Section near LM 14

100 Pulaski wB Section ends near intersection of Maumele Blvd & Bringler Dr.
11 Prairie SB About 0.3 mi. south of intersection of Hwys 11 & 38 (LM 13.6)
367 Lonoke NB Starts at intersection with Hwy 319 (LM 8.67) going north

40 Pope WBOL | Statsat LM 92 (west of Atkins exit)

65 Pulaski SBOL | Startsat LM 8.8 (approximate), Near Exit 9 off-ramp

65 SHine SBOL | Startsabout 0.5 mi. north of exit 10

30 Hot Spring | WBOL | Startsat LM 94 (directly in front of Socid Hill Rest Areq)




In order to have consstency in the comparison of the survey results from WiseCrax
and manud survey, the methodology of distress classification used in the WiseCrax was
aso used in the data compilation of the manua survey. The methodology is documented
on page A-2 to A-3 in the RoadWare Report (the Appendix). Five types of distress were
used in the andysis fatigue (dligator), block, transverse, and longitudind in whed peath,
and non-whed-path longitudina. However, asthe crack maps from the manud survey
generdly do not contain information on the width of the cracks, severity levelstherefore
could not be assigned. Instead, Moderate Leve of severity was assumed for al the
distresses, unless the drawn crack maps specifically marked locationswith high leve
severity. For comparison purpose, distress values of the three levels of severity from
WiseCrax were aso added together to have only one single vaue for each distress type.

Even though we had atotd of nine manud surveys aslisted on page 4, five of the
nine surveys could not be used for comparison for the following reasons.

(1) The manud survey did not give exact Log Mile (LM) locations (HWY 5 WB,
and HWY 100 WB).

(2) Themanud survey isoutside of the survey range of the WiseCrax survey (USG5,
SBOL LM9.5).

(3) Thedirection of travel of the manud survey is not the same asthat of the
WiseCrax survey (1-40 LM92 WBOL, and 1-30 LM 90.0 WBOL).

Thefidd namesin thetablesare FAT-M, BLOCK-M, TRANS-M, LONGWP-M,
and LONG-M. They represent fatigue cracking (moderate severity), block cracking
(moderate severity), transverse cracking (moderate severity), longitudina cracking on the
whed path (moderate severity), and longitudina cracking (moderate severity). In Tables
2 and 4, TRANS-H is used to represent transverse cracking (high severity), asthe two
manud surveys pecificaly identified locations with wide transverse cracking.

The four comparisons are shown in the Tables 1 to 4. 1t can be seen from the tables
that there exist large variations between the manua surveys and WiseCrax survey. Asa
meatter of fact, the variations are so obvious that it would not make any sensetodo a
datistica analyss of the data. However, an observation can be made from looking at the
tables that in mogt cases, the WiseCrax surveys are consistent with the manua surveys as
far asidentifying cracksis concerned. That isin most cases the WiseCrax surveys did
find cracks as the manua survey did. The problem isthat the classfication and
quantification of the cracks of the WiseCrax surveys are very different from the manua
surveys. It should aso be noted that the WiseCrax survey only provides asingle vaue
data for each distress/severity for 100-meter of roadway, which is much coarser than the
manua surveys 40 to 50 feet.

There can be two factors contributing to the variation of the two types of surveys.

(1) The WiseCrax system was not accurate enough to match manua surveys.



(2) The exact positions of the start and ending locations in the WiseCrax surveys are
not accurate enough, resulting in data shifting.

Table 1 Data Com

parison: SH5- LM 14-15.5 (22.53km-22.84km), EB

FAT-M [BLOCK-M| TRANS-M | LONGWP-M | LONG-M
WiseCrax Survey
From (m) [To (m)
22530] 22610 0 0 3.15 0 1.13
22610 22710 0 0 15.44 1.59 6.29
22710] 22810 0 0 13.95 0.66 0.4
Manual Survey
From (m) [To (m)
22530] 22628 0 77.4 24.5 15.2 115.2
22628| 22725 0 0 28.8 15 24.4
22725| 22835 0 0 30.5 4.3 111.6
Table 2 Data Comparison: SH367 - LM 8.67 (13.95km), NB
FAT-M |BLOCK-| TRANS-|TRANS [LONGWP | LONG-M
M M -H -M
WiseCrax Survey
From (m) [To (m)
13910] 14010 0.42] 21.38) 30.02] 17.73 3.54 29.99
14010{ 14110 0.00 9.6 22.86] 26.83 0.94 4.31
14110] 14210 0.00 7.54] 25.15 11.1 1.23 6.96
14210] 14310 0.14 5.16| 16.91| 21.42 6.12 17.48
Manual Survey
From (m) [To (m)
13950{ 14010 0.0 0.0 22.3 0.0 6.1 32.0
14010] 14110 1.0 0.0 19.3 0.7 12.0 44.7
14110{ 14210 0.0 0.0 24.0 0.0 20.4 25.8
14210] 14255 11.1 0.0 11.1 0.0 15 11.9
Table 3 Data Comparison: SH11-1LM 13.6 (21.89km), SB
FAT-M [BLOCK-M| TRANS-M | LONGWP-M | LONG-M
WiseCrax Survey
From (m) [To (m)
21900] 21940 0.00 0 0.68 0 0
21800] 21900 0.00 0 0 0 0
21700 21800 1.79 0 13.32 0.54 0
Manual Survey
From (m) [To (m)
13950] 14010 0.0 0.0 16.8 0.5 8.2
14010{ 14110 0.0 0.0 3.7 0.0 0.0
14110] 14210 0.0 0.0 3.8 0.0 0.0




Table 4 Data Comparison: Hwy 65- L.M. 8.8 (14.16km), SBOL

FAT-M |BLOCK-| TRANS- | TRANS- [LONGW/| LONG-
M M H P-M M
WiseCrax Survey
From (m) [To (m)
14110] 14210 0.91 2.27 10.61 0 0f 17.65
14210{ 14310 0.00 0 10.43 0.19 0.36 6.18
14310] 14410 1.91 0.37 0.76 0 0] 39.29
14410] 14430 0.00 0 0 0 0 2.24
Manual Survey
From (m) [To (m)
14160] 14210 0.0 0.0 7.3 0.0 6.6 54.1
14210] 14310 0.0 0.0 15.0 0.0 0.0] 135.2
14310] 14410 0.0 0.0 9.2 0.0 1.8/ 139.0
14410] 14465 0.0 0.0 3.0 0.0 0.0 50.6

| SSUESAND STATUSOF DEVELOPING AN AUTOMATED SURVEY SYSTEM

Humans can detect and classify pavement surface distress with ease. For instance,
humans can perceive the connectivity of cracks without hesitation. Computer vision
systems digtinguish cracks through identifying disturbances in the brightness range of the
surrounding texture and must be designed to seek connected regions through
mathematica dgorithms. It isnot trivid for a computer vison system to segregeate

cracks from pavement surface texture at high-speed, particularly for the texture of

bituminous materias.

Facing this tremendous chdlenge, many academic and indudtrid efforts have

attempted to automate the eval uation of pavement surface distress. The developed
systems include vehicles equipped with video gear traveling a or near normd trave
Speeds. Pavement surface images are collected into analog storage devices through
camera(s) mounted on the vehicle. The predominant storage device in use today is based
on VHS tape technology.

It has been afrustrating period in the past two decades for developers to implement
distress survey systems based on the requirements by the highway indudtry in the areas of
real-time processing, consistency and repeatability of surveys, and accuracy. Therearea
number of reasons why serious problems till exist after so many years research and
development.

(1) Image processing for pavement surface distress survey at any practica speed
requires very high performance computing equipment. When such equipment is
not available or acompromise is made in respect of performance, data qudlity,
processing speed, or both are affected.



(2) Image processing as afiled of study isll evolving. There are many aspects of
image processing in human brain that are not understood yet.

(3) In the detection and recognition of pavement surface distress, a particular
difficulty is related with the surface texture and foreign objects on the pavement
surface, such as ail spall.

(4) There are no standard indexes to quantitatively define the types, severity, and
extent of pavement surface distress. However, efforts are underway to initidize
aset of standards (Paterson, 1994 and FHWA, 1997).

(5) Data collection isnot standardized, especidly in the areas of image resolution,
and collection approaches. For instance, asthere is no sandardized way to
define a crack map of a pavement areain terms of resolution and dynamic range,
images from one survey system would differ from images from another system.

(6) The available implementations employ different image processing dgorithms
and different hardware design, which are not compatible with each other. From
the user’ s perspective, it is not necessary to have compatibility of hardware and
software with different vendors syslems. However, thisincompatibility
introduces non-comparable survey data from different vendors.

Even though the difficultiesin implementing a useful survey system are mulltiple-
fold, the data collection isthe first step toward afully automated system. Traditionaly,
anaog-based area-scan cameras are used in automated pavement surface distress survey.
The format of output signd is frame-based following a standard defined in the 1950s by
the US Nationa Teevison Standard Committee, NTSC. Similar formats are used in
other parts of the world. There are two distinct problems with anaog-based cameras.
Fird, it requires a digitization step to convert the wave signd based datato digita data
that is understood by computers. Second, the highest possible digital resolution from
datawith analog camerasis about 400 pixels per line. In addition, area- scan cameras
have an inherent problem in the ingpection of a moving surface, when the complete and
exact coverage of the surface isrequired. The problem is surface overlgpping or
discontinuity of adjacent images. Additiona computation is needed to have exact and
complete coverage of pavement surface.

The overwhdming difficulty in the automated survey of pavement surface distressis
the high data rate and associated extraordinary computation needs when red-time or near
real-time processing is necessary. Real-time processing is defined as processing the data
a the same data throughput as the vehicle is collecting images at highway- speed
normally between 80 to 100 KPH. Off-line processing can also be done with captured
images on tape or computer storage. When the processing speed is equivalent to
vehides traveling highway speed, the off-line processing can be viewed as real-time
processing.

Currently, image processing is normally conducted off-line in an office environment
after the datais collected. All existing applications of automated distress survey use the



off-line processing as the dominant approach. Thisis primarily due to two factors: (1)
on-line processing requires the complete imaging operations be conducted at the same
peed asthe vehicl€ straveling peed, which is not achievable at thistime, (2) even if
such ort+line speed is achievable, the size of the equipment for such processing would not
fitinto afull-sze VAN. However, on-line processing asthe vehicleis collecting datais
the ideal approach for usersto obtain data quickly. For example, if arobust database
management is running aong the image processing tasks, an integrated highway
information system can be established at red-time. When the data vehicle returns from a
data collection trip, the database in the information system can be quickly downloaded
into a central computer server, and pavement distress data including images and andysis
results can be reviewed by users.

Current Status of Research and Development

In the early 1990s, Texas Department of Transportation and US Federd Highway
Adminigration organized atrid test of existing automated systems. Sections of roadsin
Texas were carefully sdected and surveyed manudly. Vendorsin highway data
collection business were invited to conduct surveys with their automated equipment.
There was not much agreement among the results form different vendors, for this reason
thetria test did not produce a comparison evauation of the various devices. Recently,
Smith (Smith et a. 1998) led ateam and conducted a study on the existing survey
equipment on pavement surface distress. Four vendors were invited and participated in
the sudy. Apparently, the emphasis of the study was not on the comparison of the
designs and performances of the vendors' equipment. Most of the four vendors only
have cagpabilities of collecting pavement surface images and the andyses of surface
distresses were conducted either manualy, or with the assstance of avison system under
manua control.

Since the1980s, a number of working equipment was produced for the automation of
pavement surface distress survey. Five mgor efforts that produced working systems with
the capability of at or near real-time processng are described in detail in this report: the
Japanese Komatsu system, the US PCES system, the Swedish PAVUE system, the Swiss
CREHOS, and the Illinois Automated Road Ingpection System. Severd other efforts are
discussed in less detail, primarily due to the lack of documentation.

It should be noted that the focus of this portion of the report is the review of the
technologies, capabilities and technicd features of savera important developmentsin the
area of automated survey of pavement surface disiress. Devices from dl vendors differ
invirtudly al aspects of design and implementation. Many of them do not reved
technicd information of their equipment. Therefore, a direct comparison of the features
and performances of various implementations is not presented in the report.

The Komatsu System

In the late 1980s, the Japanese consortium Komatsu built an automated- pavement-
distress-survey system (Fukuhara, et . 1990), comprising a survey vehicle and data-
processing system on board to Smultaneoudy measure cracking, rutting, and longitudina
profile. Maximum resolution of 2048 x 2048 is obtained at the speed of 10 km/h. The



Komatsu system works only at night to control lighting conditions. Figure. illustrates the
basc design of the survey vehicle. When survey is conducted with the moving vehicle,
the road surface isilluminated with argon laser light through the laser scanner in the
laterd direction. The deflected light from road surface is detected at an angle by a photo
multiplier tube (PMT) and avideo camerathat are atached to the front bumper of the
vehicle. When cracks are present on the surface, the quantity of received light by the
PMT isreduced. Therefore, the change of output from the PMT indicates the existence
of cracks at the scanning position. The video cameras are used to capture rutting, asthe
scanning line observed from an oblique angle is curvy when rutting is present. The
integration of the collected information over time presents cracking and rutting detaon
the two-dimengiona road surface. The longitudind profile is measured based on the
distance between the survey vehicle and the road surface. The profile is calculated based
on three sets of data collected at three locations in the vehicle: the first being the rutting
measurement, the two others being measurements collected by the two line sensors under
the body of the vehicle shown in Figure 1. The data storage devicesinclude aHigh
Density Video Tape Recorder (HDVTR) at the data rate of 100 Mega hits per second
(Mbps), and a generd purpose Video Tape Recorder (VTR). Pavement surface images
are archived with the HDVTR. Digita image processing techniques are applied to crack
image data in a post-processing mode. Pardld processing is used a two stages to
determine cracking parameters such as the number, width, and length of cracks, which
are then stored in the pavement data bank.

In thefirgt processing stage (image segmentation), a massive 64 MC68020 paralle
microprocessors are used. The MC68020 is also called the Extracting Processor (EP), the
performance of which is equivaent to that of an entry level Intel 386 chip. The system
design permits up to 512 EPsto be used in parald to further improve performance. In
Ssegment extraction, the image is divided into 32-pixle by 32-pixel square aress, caled
dits. A vadueof acurveisan average gray leve of pixd seriesin the projected direction
inthedit. Pixelsinadark area, such as the presence of a crack, have higher levelsin the
gray scale. In order to determine the angle, the length, and width of the crack in adlit, it
IS necessary to rotate the projection directions in the image until a peak of the crack
appears, indicating that the actua width of the crack isfound. The portion of the crack
that is contained in the dit is represented by arectangular dement. Each of the
MC86020 processor is used to process one dit a atime in parald with al other
processors. After the processing, al found cracks are represented by segmented dlits.

In the second stage (crack connectivity), seven T800 transputers are used in pardlel
to determine the connectivity among the extracted segments, and diminate noises. The
connectivity is determined by the relative positions of cracksin neighboring segments.
The transpurters produce a line image of the pavement surface, or a crack map.

The Komatsu system represents an implementation of the most sophiticated
hardware technologies at that time. However, it does not output the types of cracking and
only works during the night. Another barrier to implement the Komatsu system isthet it
virtualy requires the power of multiple super-computersto carry out the two stage
andyses. The Komatsu survey vehicle did not proliferate to the market place.
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Figure. 1 Komatsu Survey Vehicle (Based on Fukuhara, T., et al. 1990)

The PCES System of USA

From late 1980sto early 1990s, Earth Technology Corporation launched alarge-
scale research on the automation of pavement surface distress survey, resulting in the
cregtion of aresearch arm, the Pavement Condition Evauation Services (PCES). The
automated system created by PCES was the fird to use line-scan cameras to collect
pavement data. For decades, line-scan cameras had been primarily used for surface
ingoection in the areas of manufacturing, agriculture and semiconductor business.
Surface ingpection is aso refereed to as web ingpection. This type of ingpection is mainly
concerned with part or product defect identification. The inspected objects are traveling
at high speed on the web and the image is captured with stationary cameras through
cgpturing one line of image a a given moment. PCES's approach was unconventiona at
that time, asline-scan cameras were never used in the field of pavement engineering. In
addition, even though line-scan camera's resolution and performance were better than
conventiona area-scan cameras, it required many customized efforts, such as specid
boards and software to support the cameras.

11



Figure 2 PCES Survey Vehicle

In the PCES system, digital signa processing was used in red-time, using custont
meade filter circuits, which are 3 x 3 neighborhood convolver boards. The boards contain
gpecia processors with built-in imaging agorithmsto filter images very quickly. Each of
the two 512-dement line-scan cameras continuoudy covers four-foot pavement, for a
totd of eight feet of pavement width. Each camerais supported by an 8-bit analog-to-
digital converter, a convolver board, and a 68020 processor. An additional 68020
processor supervises the system activity. The system was intended for daylight use
throughout a normd range of highway speeds.

The PCES system dso includes
(1) A VME bus based 32-hit computer to power the image processing engine,

(2) Interrupt-driven software and proprietary pipdine hardware to accomplish red-
time processing,

(3) Animbedded operating system that was contained in Read-Only-Memory
(ROM),

(4) Random-Access-Memory (RAM) for data storage,

The developed vehicde is shown in Figure 2. The vehicleis a 21-foot Grummean
truck body, which contains space for dl system hardware, and operating console and an
observer gation. Two 15-kilowatt diesel generators power the computer, lighting and
other equipment. It should be noted that in order to obtain lines of images at required
Speed, line-scan cameras need much higher intengity lighting than conventiond area-scan
cameras. Thelighting from the PCES system could burn the asphat surface if it directed
on the same areas for afew minutes.

Earth Technology Corporation did not continue to fund the research after the first
operationa PCES system was built. There were severd factors atributing to the
decison. Oneimportant factor is that the necessary technol ogies associated with the
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image capturing and processing were not mature enough. For ingtance, ahigh-
performance line-scan camera only contained 512 dementsin the linear array. Today's
line-scan cameras can exceed 4096 dements with a much higher frequency. In addition,
PCES designed, produced their own processing boards, and made their own system level
software, which were not only costly, but also limited the research team from obtaining
higher performance equipment from third parties at alater time, due to incompatibility.

The Swedish PAVUE System

Infrastructure Management Services (IMS), the previous marketing arm in the US of
the same Swedish company that manufactures Laser RST, is owned by the civil
engineering firm TERRECON. IMS marketsits service with the PAVUE system,
congsting of the acquisition equipment to collect distress data and the off-line andyds
workgtation to diagnose the gathered images. The acquisition equipment includes four
video cameras, a proprietary lighting system, four S-VHS videocassette recorders, and
the speed-compensation module. Thisimage collection subsystem isintegrated into a
Laser RST van which aso collects other pavement information. The off-line workstation
is based on a set of proprietary and custom designed processor boards in one cabinet to
andyze continuous pavement data from the recorded video images.

Figure 3illudrates the data flow of the PAVUE system. Each of the four video
cameras cover about one-fourth of the pavement surface, resulting in the resolution about
1,400 pixels per lane. The speed compensation device alows the van to drive at any
speed between 5 - 55 mph to ensure continuous video image with uniform resolution in
both longitudina and latera directions. The detectable size crack is about 2.5 mm (1/8
inch). A gtrobelighting systemis aso used.
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Figure 3 Data Flow in IMS sPAVUE System (based on IM S literature, 1996)
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The unique feature of the PAVUE system iswith itsimage processor boards. A total
of twelve different VME based boards were developed by IMSto form the core of the
image processing. A total of 80 boards can be used in afull PAVUE processor system.
The boards were congructed with a combination of various customized and off- the-shdf
circuits. Image processing agorithms were adso coded in hardware to speed up the
processing.

The image processing technique used in the PAVUE is generdly referred to as
pipeline processing where image data is piped through series onboard computationa
elements, or chips, which contain agorithmsin hardware. The dements perform a broad
range of image processing tasks and are connected through atight on-board and among-
board communication network. Images are processed at various stages in the pipeline
smultaneoudy. The high performance hardware alows the PAVUE system to process
pavement images up to 55 mph at a high resolution. However, surface distressis stored
on S-VHS tapesin andog format.

The SwissCREHOS

Congdering the limitations of systemsin the early 1990s, the Swiss Federd Ingtitute
of Technology (EPFL) launched a research effort to develop a new automated device to
conduct pavement surface distress survey. Dr. Max Monti of EPFL's Laboratory of
Stress Andysis (IMAC) completed his Ph.D. work with this project. The god of the
project was to desgn and implement anew system "“in acomplete and lasting way."
(Monti, 1995).

Dt_—?rh—rl:tlru_; Laset Rotating Mirrae PC Real-Time Crack
Pirror Fecognifion Unit

FPholodetectors

Pre-Processing Unit

Scanmning
Beam

Multifacet Holographic Collectors

Figure4 CREHOS Survey Vehicle (Based on Max Monti, 1995)
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The developed systemis cdlled Crack Recognition Holographic System, or
CREHOS. With this system, the pavement surface is scanned with afocused laser beam
adong adraight linein the laterd direction, while the longitudind scan is conducted with
the movement of the vehicle. The reflected light form the surface is collected with a
collector, which was a customized holographic dement. When the laser light falsinto a
crack, the strength of the sgna collected by the holographic eement decreases. This
sgnd isfiltered and binarized to obtain sets of binary pulses representing the crack.
These sets of data are then formatted, pre-processed, and stored at red-time with a
parallel processor.

A magjor advantage of this laser solution over conventiona imaging techniquesisthe
eimination of illumination of alarge and rough surface of pavement. Figure 4 showsthe
basic configuration of the CREHOS system, which ismounted on atrailer. Thereare
three sub-systems: the scanning device, the holographic light- collection system, and the
image processing system.  The scanning device emits laser light to pavement through a
rotating polygona mirror, with the following specifications: 30,000 rpm, 24 facets,
12,000 scan lines/second, focusing distance of 4 meters, and spot szeof 1 mm. A 4-
meter long line can be scanned in 83 <. To have square millimeter fo the pavement

surface, the vehicle can travd at the maximum speed of 43.2 KMH. However, higher
speed can be achieved when longitudina resolution can be relaxed to over 1 millimeter.
Two multifacet holographic collectors (MFHOE) are placed on both sides of the scan line
a 10 cm from the pavement surface, shown in Figure 4. Each MFHOE is composed of
thousands of HOES of 5x5-mm size. One photodetector is positioned 60 cm above each
of the two the MFHOESs. The photodetectors convert the light sgnads from the MFHOES
into andog sgnds, which are usudly noisy. The pre-processing unit transforms the
andog sgndsinto binary pulses, indicating the probability of the presence of acrack.
Therefore, CREHOS does not work on an "image", but on a continuous temporal, one-
dimensond sgnd. Animageisobtained through illuminating point by point and
integrating the points over space. The output Sgnd isandog pulses, which is

thresholded adaptively into binary format before entering the digita- processing unit.

The processing unit, a pardld processor, was built for CREHOS to further filter
noise, recognize cracks, and vectorizes their shapes at red-time. This paralel processor
conssts of anumber of tracking units, or processing units, each of which workson a
single crack-representing pulse a onetime. 1t should be noted that the processing units
are not the same as conventiond digital microprocessors. They are Smple eectronic
devices basad on andog technology and with the capability of identifying crack-
representing pulses. Each tracking unit can complete processing in every very 80mrs,
which is about the duration of scanning oneline. Both the Komatsu system and
CREHOS use laser scanning to obtain pavement distress data. Thisiswhere the
smilarity ends. CREHOS applies analog approaches to data collection and pre-
processing. In addition, the parallel processing is unique that no actaul digia
microprocessors were used. CREHOS was congtructed in aresearch environment. The
effort did not produce a commercid system.
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Thelllinois Automated Road I nspection System

A team from the lllinais Indtitute of Technology headed by Professor Sidney
Gurdnick produced an Automated Road Inspection Vehicle (Guranick and Eric Suen,
1995). The system was devel oped using the shadow Moire optica interference method.
The vehicle can acquire out- of- plane road surface distress information at highway speed.
The image resolution is about 512 x 480 pixels for a one-lane pavement surface.

The shadow Moire method is demonstrated in Figure 5. Both the light source and
the camera are placed at the same observing plane and at a distance of d form each other.
The grating planeis pardld to the observing plane. The distance between both planesis
H. The spacing of the black grating linesisp. Contour planes, h,, are generated by the
intersection of the projected lines from the light source and the sight lines from the
camerds position. The contour interva, Dh, can be approximately expressed as:
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Figure 5 Demonstration of the Shadow Moire M ethod

Based on thisknown Dh and the contour map, which is created though the shadow
cast by the light source through the grating lines on the pavement surface, adigita terrain
surface of the pavement isthen established. Through the analysis of this terrain surface,
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certain aspects of pavement condition survey can be conducted. It should be noted that
this method does not dlow the detection of surface cracks on the same plane. The
developers believe that the complete system can be built with $60,000 worth of materias.

Triple Vison'sNCHRP Project

In the Triple Vision project that was sponsored by thc National Cooperative
Highway Research Program (NCHRP) and completed in 1991, sample video datafrom
PASCO 35 mm films were transferred to avideo disk (Fundakowski, et a. 1991). The
data acquisition was conducted by PASCO using aspecia 35-mm film camerathat is
longitudindly continuous. The 35-mm filming gpproach is il being used for collection
of pavement imagesin the Long-Term Pavement Performance (L TPP) program of the US
Federal Highway Adminigration (FHWA). The video image processing were distributed
across two computer systems. The bulk of the image processing operations (i.e. image
preprocessing and segmentation) was performed in a DSP-1000 image processing system
(aproduct of Datacube, Inc., Peabody, Massachusetts). The feature extraction and
classfication stages of the video image processing system were implemented in a 386
PC. The DSP-1000 incorporates severa image processing boards, a digitizer/frame
grabber and adisplay board. The comparison of the machine generated cracking
recognition, and the data based on the two experts on pavement engineering was quite
poor (Fundakowski, et a. 1991). In addition, the applicability of the system for actud
highway useis questionable. An upgraded system with a 33 MHz 486 computer and the
Data Cube processor can only process 1 frame of image per minute. That is equivalent to
29 hours of processing time per one lane-mile

ADAPT and RoadWare sWISECRAX

From 1995, the Pavement Performance Division of the US Federal Highway
Adminigtration awarded two continuing contractsto LORAL Defense Systemsin
Arizona, now aunit of Lockheed-Martin, to provide an Automated Didress Analyss for
Pavement, or ADAPT for short (FHWA, 1995). Thethen LORAL Defense Systemswas
trying to goply state-of-the-art imaging techniques based on an artificid neurd net
(ANN) developed for military purposes for pavement distress analysis. This project does
not include data collection, but only data andysis. The data source is based on PASCO's
35-mm film, the same as the one used in the Triple Vison's project. The images were
directly digitized from 35-mm film to digital format. The resulting resolution is
approximately 4000 pixels per 12-foot-lane, or about 1 mm per pixe. ADAPT is not
being used in any operating products.

Since late 1996, RoadWare, a Canadian highway data collection company, has been
actively usng anew product, WiseCrax, for automated survey of pavement surface.
Initidly, RoadWare was trying to apply the technology developed in ADAPT to
WiseCrax. Subsequently, RoadWare developed its own agorithmsinto WiseCrax. The
data collection uses two anadog cameras synchronized with a strobe illumination system,
with each camera covering about haf-width of a pavement lane. The image processing is
done in the off-line office environment. WiseCrax cannot process pavement images at
traveling speed. WiseCrax soldly relies on the CPUsin ax86 based computer to process

images.
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RECOMMENDATIONSAND CONCLUSION

Currently, there are severd automated systems for pavement distress survey. From
the data comparison documented in this report and the review of the technologies, none
of them is fully automated with red-time processing capabilities. The accuracy of the
sysemsis not proven. The data comparison between the results from WiseCrax and
results from manua survey in this report demondrates that there are ill large differences
between them. It appears that from the data comparison between results of WiseCrax and
results from manua survey that the automated system has no difficulty of finding cracks.
The problem liesin the dlassfication and quantification of the cracks. This problem is
not vendor specific and has been aresearch topic for years.

In the US market of automated distress survey, there are two vendors that probably
have the dominant market share. The two systems are WiseCrax of RoadWare and
PAVUE of TERRECON. For WiseCrax, a highway agency can either own the system or
have the pavements surveyed by the vendor asa service. TERRECON only provides the
survey service and does not sdll the PAVUE system to users, primarily due to the
complexity of operating the system and the high cogt of congtructing such asystem.

Thereis aneed to use an automated system for distress survey at AHTD. Manua
survey workswell only at project level. Manua surveys a network leve will take too
much time and resources. Even though there are severe limitations on the capabilities of
available automated systems, if thereis an immediate need to use an automated system,
the Pl believes that useful results can be obtained if proper control parameters and
manud interventions are used in assgting the survey. However, it should be noted that
distress information from one automated survey only reved the rdaive distress levels of
roadway sections that have gone through the same survey. The repeatability of
automated surveys has been always a subject of discusson and research. Therefore, The
results may not be directly compared with manua survey results or with results from
automated survey conducted at different times on the same locations.

Current available technologies of automated distress survey are dl based on andog
video capturing and sorage. The limitations of using anadlog video lieinits difficulty in
working with computers and its low resolution. Asthe result, WiseCrax system uses two
andog cameras providing lane-resolution about 1000 pixels. PAVUE system uses four
cameras, providing lane-resolution about 2000 pixels. In addition, the analog video
information has to be digitized to be processed by computers. This process adds to the
cost of the system and increases the complexity. Furthermore, pavement surface images
at any roadway section are contained in analog-based videotapes. It isinconvenient for
users to examine specific pavement surface. Therefore, better technology is needed to
overcome these limitations.

Digitd video and microcomputer technologies are becoming affordable and high
performance oriented. When high-resolution digital images of pavement surface are
captured, stored and processed with high- performance microcomputers, the data flow
becomes smpler and potentidly the cost to develop such a system becomes lower. In
addition, resolution of indudtria digital cameras can be as high as 2000 pixds per line,
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which is equivaent to the resolution of PASCO’s 35mm films used in SHRP and LTPP
projects. As capacity and performance of new disk storage gets higher, the problem of
storage does not exist anymore. For instance, it takes about 110 gigabytes of storage to
archive pavement surface images of 1,000 kilometers at the resolution of 1.83 mm per
pixel (2000 pixels per 12-ft lane) after 10:1 compression. Users therefore can
conveniently query images of pavement surface through the computer network in the
office.

Furthermore, high-performance paralel processing board that can be plugged into
microcomputers can be used to process the images at redl-time as the images are
collected. These boards are normaly populated with severa ultra-fagt Digitd Signd
Processors that can be programmed to develop crack maps and find the lengths, widths
and orientations of the cracksin parald.

Indl, new technology can help solve the problems of existing automated distress
urvey systems.
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