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(57) Abstract

A system for acquiring, processing, storing, analysing and reporting data relating to the condition of a road or other paverment surface
in real time, The system includes a digital camera mounted on a vehicle and positioned relative to a pavement surface so as 10 capture
images of the pavement surface whilst the camera is moving relative to the surface. The system also includes an illumination assembly to
illuminate the region from which an image is taken and an interface between the digital camera and at least one computer. The system also
includes processing means in the computer for processing the images to detect and classify cracks and other pavement surface features.
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ROAD PAVEMENT DETERIORATION INSPECTION SYSTEM
BACKGROUND

The present invention relates to a road pavement crack detection system and apparatuses
associated therewith and more particularly relates to a crack detection system utilising

digital imaging for obtaining and storing data concerning the crack condition of a pavement.

Cracking is the visible condition indicator most closely linked to pavement condition.
Current methods do not detect cracking of the road network at the stage where early
intervention would be cost effective nor attribute the incidence of cracking to a specific
location (due to the small sampling). Major cost savings to authorities can be made from
carly intervention to seal finely cracked roads rather than waiting until the cracks develop to
a more sericus condition as is the case when using manual methods such as visual
inspection. Finely cracked roads for instance can be sealed at a relatively low cost of $2 -
$4 per square metre on today’s values compared to $30 - $40 per square metre where

cracking has progressed to a state requiring pavement rehabilitation,

_ PRIOR ART

There are a number of road crack measurement systems in use world wide. They range from
passive systems such as video logging to active sensors such as lasers and ultrasonics.
Feasibility studies have monitored the availébilily and performance of these technologies
and commercially available systems. These existing systems are not capable of providing
sufficient crack related data such as the ability to discem cracks on a variety of pavement
surfaces including chip seal surfaces, at highway speeds. The existing systems further rely
on post processing with manual intervention of image data in the office which often takes
days before the data is available. Authorities have determined that there is a long felt want
in this field of art to provide a system capable of delivering repeatable information on

pavement cracking for common types of payment surfaces. As International Standards
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recommend that cracking is 2 major indicator of pavement condition, there is a need for an
objective method for assessment of the extent of cracking on the road network. As a result,
research has tumed to automated crack detection systems but to date, and prior to the
invention disclosed herein, to the best of the applicant’s knowledge, no other trader or
authority has arrived at a sujtable automated system which delivers the level of results
required to overcome known problems associated with present crack detection methodology.
Many roads with low traffic volumes are economically designed to have a thin bituminous
surface. Thin cracked surfaces are particularly vulnerable in wet weather when traffic
pumps water into the road pavement leading to pavement failures which causes a
roughening of the surface and decreased asset value of the roads. Pavement durability is

preserved by sealing the surface well before extensive cracking appears.

Pavements such as roads, carriageways and the like are subject to heavy wear from traffic
and degradation from sub-grade movement and deterioration in the pavement material itself.
This necessitates  regular monitoring of the pavement condition so the 1esponsible
govemmen authority can plan maintenance programs and apply finances where it is most
needed. This is a massive undertaking due to the usually extensive nature of road
infrastruciure. For efficient monitoring every increment of road surface must be studied
across its full width in order to detect serious and also fine hairline cracks which have the
potential to develop into more serious cracks posing dangers for road users. Although crack
detection can be done visually by skilled personnel, it is almost impossible for visual
inspections to obtain the necessary crack data for all sections of road in a particular
municipality/tegion. The cost to do these inspections is prohibitive due to the amount of
labour required and in any event such inspections suffer from the influence of human

subjectivity and exposure to traffic hazards.

Another more sophisticated method of crack detection involves use of a video camera which
films the road surface . The video image is then post processed to detect the severity and
extent of cracking. A crack resolution of 3 - 5 mm is about the best that can be achieved in

the prior art methods by using algorithms to do extrapolations from the data which is read.
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Another method involves use of digital area scan cameras for achieving an image at high

speed. The images from these cameras are prone to overlap and lack definition,

Pavement condition monitoring generally involves measurement of a roughness profite and
assessment of parameters of pavement surface condition such as rutting, texture and
cracking. Where cracks reach a certain size remedial surface treatments will not be an
effective remedy so it is imperative that cracks are detected early and preferably when they

are no larger than 1mm.

The corrent manual methods of crack detection are time consuming and the extent of
information gathered is limited. Manual methods are also capital intensive with poor return.
There is clear need in the construction industry to arrive at more efficient ways of obtaining

data concerning the condition of a pavement so that maintenance programs can be organised

in the future and funds allocated.

INVENTION

In order to overcome the shortcomings of the prior art methods the applicant determined that
a survey vehicle could be equipped with automatic crack detection and classification
systems using machine vision technology. This equipment would collect pavement
condition data relating to cracking in conjunction with other equipment to measure road

condition parameters such as roughness and rutting,

The present invention overcomes the shortcomings of the prior art by providing a crack
detection system for accumulating and storage of data relaive to the condition of a
pavement. The invention further provides a system for obtaining digitised images of a
pavement surface and computerised means for automatically analysing the data thereby
enabling efficient monitoring of the condition of the pavement surface. The present

invention further provides a lighting assembly for use with a system for monitoring the
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condition of a road pavement surface wherein the lighting assembly enables illumination of
fine pavement detail. The present invention further provides a digital camera for use with a
system for moniloring the condition of a road pavement surface wherein the camera includes
an automated exposure comtrol enabling incremental snapshots of the pavement surface
whilst the camera moves at up 10 and around 100 km per hour relative to the pavement. The
invention further provides pavement monitoring software which stores, compiles and
automatically assimilates data in “real time” relating to pavement condition obtained from a

digital camera.

In broad terms, the system comprises a data acquisition vehicle having modular system
cquipment coniained therein and which is capable of reading the condition of a pavement
when the vehicle is travelling at speeds of up to 100 km per hour. Whilst 100 km per hour
is considered an appropriate speed it will be appreciated that the system has been
developed to accommodate faster speeds. Data from the data acquisition vehicle is obtained
via the digital camera and is processed through an image processing pipe line which
resolves the images into a condition enabling data on the road surface to be read. This data
is then converted into computerised reports and can be compared with previously read data

to provide a comparative analysis of the condition of a particutar length of pavement.

In one broad form the present invention comprises a system for acquiring, processing,
storing, analysing and reporting data relating to the condition of a road or other pavement
surface in real time; the system comprising;

* af least one digilal image acquisition means positioned relative to a pavement surface so
as to capture images of the surface whilst the digital image acquisition means is moving
relative to the surface,

an illumination assembly to illuminate the region from which an image is taken;

an interface between the digital image acquisition means and at least one computer;
processing means in said at least one computer for processing said images to detect and

classify cracks and other pavement surface features.
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In another broad form the present invention comprises the system as described above,

inchuding:

* alighting assembly for illuminating a pavement surface from which digitised images are
taken for storage and analysis according to the process herein described, the assembly
comprising;

* alight source; and

* means for providing even intensity and direction of the light according to the level of

exposure required by the digital image acquisition means.

In another broad form the present invention comprises the system as described abave
wherein the digital image acquisition means includes;

* adigital camera;

said camera including a sensor, a time controlled automatic external electronic exposure
which caplures images of the pavement surface whether the camera is stationary or
moving relative to the pavement surface and wherein the camera is responsive to

reflectivity of the pavement surface.

According to a preferred embodiment, the pavement condition detection system is mounted
on a vehicle allowing the digital image acquisition means to capture images of the pavement
surface. The camera includes an interface for downloading images captured by the camera
1o a central processor which receives, stores, compares and analyses data so as to provide

via a user interface an up to date piciure of the condition of the pavement.

In its broadest form the present invention comprises:

a system for real time capture and processing of pavement crack data comprising;
a vehicle capable of traveliing at highway speeds;

means for capturing digital images of the pavement surface; and

means for processing and displaying captured data.
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Preferably, the digital image acquisition means comprises a digital camera and the
processing means includes computer hardware and software for processing said digital

images.

In its broadest form the present invention comprises:

a system for enabling real time capture and processing of data relating to the condition of a
pavement the system comprising;

a vehicle capable of travelling at highway speeds;

means in or on said vehicle for capturing pavement crack data and means for processing and

storage of captured data.

Preferably, the pavement is a road surface and said means for processing and storage of

captured data includes means for removal of unwanted data.

In another broad form the present invention comprises;

a system for real time capture of and processing of pavement crack data relating to the
condition of a road pavement said system comprising;

a vehicle capable of travelling at highway speeds;

a digital image acquisition means for capturing images of said pavement whilst said vehicle
is in motion;

processing means for receiving and analysing data captured by said camera and for removal

of any unwanted captured data.

There are a number of attendant benefits which attach to the system according to the present
invention and these include reduced risk of injury to data collection personnel, less diversion
of local resources to manual data collection, reduced time losses, eliminating inconsistencies
in manually collected data, confidence in comparisons from year to year and region to
region, confidence in accuracy of base data used for planning and budgeting, rational basis
for use of cracking data in network performance, reporting and maintenance planning,

reduced time at corporate level, collating data for reporting and planning, savings over
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current mapual data collection and savings in cost of maintenance and rehabilitation of road

network,

The present invention will now be described in more detail according to preferred but non

limiting embodiments and with reference to each form of invention and with reference to the

accompanying drawings wherein:

Figure 1:

Figure 2:

Figure 3:

Figure 4:
Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

shows a general schematic layout of the arrangement of the system
aspect of the present invention,;

shows a side view of an illumination module reflector placed with
respect (o a camera and roadway;

shows an example of an image of a spray seal road surface acquired
during trials;

shows a schematic layout of system hardware;

shows a schematic layout of hardware including data acquisition, control
system and data processing hardware;

shows a schematic layout of the system implementation (real time sub-
sampling);

shows a schematic layout of system implementation (real time
continuous sampling long term);

shows a typical data acquisition vehicle showing a possible equipment
layout;

shows a further general schematic layout of the arrangement of the
system aspect of the present invention; and

shows a sample set of results produced by the present invention.

The present invention provides a modular automated system for crack detection in a

pavement and more particularly detects finely cracked roads so that early repairs can be

made to raise the overall condition of the road network. The automated crack detection

system is contained in a vehicle which might be a truck or the like which is configured to
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enable all integers of the sysiem to be contained within the vehicle. The parameters of the
chosen vehicle are determined according to the operating requirements of the system. At the
very least, the vehicle must have clectrical mains power mainly for illumination, an ability
te scan a predetermined width of pavement along with data capture systems to receive and
process data captured by the automated crack detection system. Most of the electrical power
is required for lighting so that a power generator located on the vehicle will be sized
according to the power requirements per module. Other vehicle parameters include
specified clearances between detection modules, internal space requirements for equipment,
access for cabling and conduiting and a special configuration to suit user requirements.
Each detection module of the preferred embodiment is designed to record crack data from a
road imprint up 1o 750 mm wide and continuous in length in the direction of the vehicle

motion. It is preferable that the conventional 2.5 metre truck widih be maintained.

Referring to figure 1 there is shown a schematic arrangement of an instrument configuration
for the road crack truck. The instrument configuration is arranged into three aseas, namely
the vehicle, instrument cabin and driver’s cabin. The key parts of this arrangement for
implementation of the system are the vehicle and instrument cabin. Interaction between the

vehicle hardware and software in the instrument cabin will be described in detail later.

As can be seen from figure 1 the vehicle includes integral hardware being a camera set at a
predetermined distance from a road pavement surface, a trigger means, means for

generating power and lights for illumination of the surface to be imaged.

In broad terms according to the system aspect of the invention there is provided a vehicle

which is equipped with;

an image acquisition module which includes, 2 digital camera and illumination assembly.

The data captured by the camera is transferred into processing computers by means of a
camera intetface data distributor (CIDD). The data transferred to the computers is then

processed by image processing software.
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IMAGE ACQUISITION MODULE

(1) CAMERA

The image acquisition camera includes a linear array (which could include a photodiode,
charge coupled device (CCD) or time delay integration (TDI) array of photosensitive
elements) sensor integrated into a camera, The scnsor array is aligned transverse to the
vehicle direction of travel. Camera, timing circuitry and an optical system are integrated
with the sensor to record a millimetre of roadway per mm movement of the vehicle
longitudinally.  The number of light sensitive elements (pixels) in the linear array can be
sclected depending on the width of roadway to be inspected with a module (a number of
image acquisition medules can be placed together to record large widths across a roadway).
A 1024 x1 pixel array was implemented in the prototype camera. The centre 750 pixels
were used to create a 750mm width image of the roadway per module. The rate at which the
pixels can be read from the sensor has to be high (in the order of 40Mhz) to allow images to
be recorded at high vehicle speeds (up to 105 km/hr which equates to a line rate of up to
approximately 29,000 lines per second). The sensitivity and quantum efficiency of the
sensor of the preferred embodiment was selected to provide sufficient charge output above
noise, but below saturation exposure, for a given exposure (light intensity x integration
time) to the light reflecting from various types of road surfaces. Typical road reflectance
was 4-30%. To minimise blooming effects within the sensor from exposure saturation,
caused by highly reflective quartz particles in the pavement surface , for example, it was
fiecessary to incorporate anti-bleoming circuitry, In addition, to minimise image blur at
high vehicle speeds it was necessary to incorporate retatively short charge integration time
capability (in the order of 1-20 microseconds) within the sensor. It was particularly
important to maintain good image signal o noise characteristics at these sensor charge
integration times. The correct exposure level was maintained by either varying the
integration time and or varying the position of an 8 bit quantisation window within the 10
bit analogue to digital sampling of the sensor charge output. This exposure control

methodology was based on sensing digitally the reflectivity of the binder materials in
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aggregate road surfaces. The exposure was adjusted o yield consistent crack contrast from
the surrounding binder malerial independent of what aggregate material (eg river gravel or
blue-stone chip) is present. Set camera lens apenures were used. A depth-of- field of the
camera lens which is greater than the vertical movement due to the suspension of the vehicle
is necessary if road features are to remain in focus. Typically, a lens aperture -of
transmission equal to 50% of full aperture was used. This provided a depth-of- field greater

than 300mm for a camera placed approximately 600mm above the roadway.

(2) ILLUMINATION

In order to obtain digitised images of the pavement surface with high integrity, it was
important to pay particular atlention to the illumination of that surface. Contrast between
the crack and road surface was maintained, and the illumination coafiguration was set to
remove any unplanned shadowing which could interfere with machine / computer
interpretation of the image. Accordingly, the field of view of the camera is preferably
illuminated evenly across the whole field. To achieve this, a cytindricat refiector was used
to focus linear quartz iodine jamps on the road surface. This ensured an appropriate level of
illumination for adequate exposure of the line scan array. The design of the preferred
embodiment provided even illumination across the linear array. In addition, the strip of
focussed light provided a sufficient width of even illumination in the direction of the vehicle
motion. This ensured the illumination strip did not meve out of the camera’s field-of-view
as the vehicle moved up and down whilst travelling along the roadway, for example a
focussed illumination beam strip of 900mm by 30mm was sufficient for a lincar sensor
field-of-view of the roadway of 750mm. Cylindrical reflectors and lamps were placed
before and after the camera relative to the truck direction. The angle that the illumination
falls on the road surface is very important. It is possible that shadows can be mistaken for
crack data. To prevent this, the position of the lamps was set to maximise crack contrast and

minimise shadows cast from textured road surfaces.

Figure 2 show a side view of an illumination assembly with respect to a camera and

roadway. Referring to figure 2 there is shown an illumination module 100 which includes

10
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reflectors 101 and 105 directed so as to illuminate a field of view on pavement surface 102
relating to the line of sight of 103 of camera 104, Dotted lines 107(a) and 107(b) represent
the focussed itlumination beam strip directed by reflectors 101 and 105 respectively onto
pavement surface 102. In normal operation it is preferable that there be minimal movement
between illumination beams relative to the camera axis. Such movement might be caused
by vehicle vibration and vertical vehicle movement. The object in providing specific

focussing for the lamps with cylindrical reflectors is primarily to ensure adequate levels of

illumination on the road surface and, secondly, to ensure that the level of illumination

remains evenly distributed transversely and longitudinally with respect to the camera’s
optical axis, even when there is relative movement between the camera’s field of view and
the focussed iliumination strips on the roadway. However, image processing software has

been implemented to address and correct for uneven illumination.

In the preferred embodiment of the present invention, the interaction between the lighting
exposure control and image capture 1s important for the proper functioning of the system.
The expasure control of the preferred embodiment is regulated by means of appropriate
software architecture. Tests have shown that exposure times as short as 1.0 micro seconds
are now possible with a specially adapted sensor whereas previously exposure times no less
than 10 micro secands were possible. At high speeds, where exposure times were no shorter
than 10 micro seconds, image blur occurred effecting the quality of the road data captured.
The operation of the sensor in conjunction with the image acquisition module and based on
the available illumination has shown that images of 1mm cracks can be obtained. In field
trials the performance of the image acquisition module was evaluated by recording road
images from six trial reference sites. These sites were selected for the variation in road
surface types and the type, severity and extent of road cracking. 15,000 trial images were
recorded with a typical example depicting the image quality as shown in figures 3. Figures
3 shows an example of an image on a spray seal road surface acquired during trials.
According fo the apparatus aspect the electronic exposure control of the digital camera is
able to change exposure time for different road surfaces. For dark roads if is possible with

appropriate exposure time to obtain good contrast between the road binder and cracks.

11
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(3) CAMERA INTERFACE DATA DISTRIBUTOR

The line scan camera employed in the preferred embodiment allows high speed operation
with good dynamic range and accurate exposure control but requires more elaborate
interfacing than does a conventional area camera. The computing power necessary for real-
time processing of the road images greatly exceeds the capacity of a single CPU, so several
computers must be used to provide the level of performance required for the RoadCrack
system. The image data must be appropriately formatted and directed to a processor when
computing rescurces become available on completion of a previous operation. The Camera
Interface Data Distributor (CIDD) board combines the functions of camera control and data

distribution.

The CIDD board performs severa! key functions in the system of the present invention, as

follows:

1. Measurement of vehicle speed using signals from a rotary quadrature encoder mounted
on a wheel hub,

2. Setting of the control parameters for the camera software.

3. Generation of a control signal to initiate a read of one line of image data from the
camera for each millimetre of vehicle motien. This is termed the START signal.

4. Generation of a control signal to allow the camera to integrate the electrical response to
image intensity for a specified time. This implements an electronic exposure system
which allows very precise control of image data dynamic range. This signal is denoted
by the label SHUT.

5. Provide appropriatc signals to allow synchronization of multiple image

acquisition/processing units to ensure identical sampling patterns in all sampled paths.

Formatting of the camera data into frames of a size suitable for image processing.

Marking each such frame with a unique identification code.

Selection of frames for processing through use of a sampling table.

Distribution of frame data to the various image processing computers,

12
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10. Monitoring of optical sensors to determine exposure parameters and verify correct
system operation.

11. Generation and transmission to the host computer of a stream of data packets, each
recording all important information relating to a particular image data frame.

12. Generation of a data stream to allow display of information on a LCD panel to assist the

vehicle driver in maintaining the survey speed within the optimum sange.

The CIDD board consists of a main printed circuit board and a daughter-board with a CPU.
The main board carries the connectors required o interconnect the camera and the three
frame-grabbers used to feed data into the image processing computers. R$422 standard
differential receiver chips accept to parallel 10-bit data streams from the camera. The low,
middle or high 8 bits of the 10-bit data may be selected for processing. The desired 8-bit
data is packed into a 16-bit wide path, re-synchronised and transmitted in three identical
streams using RS422 differential drivers. The daughter board carries a microprocessor
which controls the CIDD operation, 1 Mbyte of static memory, an optional 1 Mbyte of
ROM and a quad UART for serial communications suppon.

Communications between the CIDD board and host image processor is performed over a
R8232 serial line using a packet-based command protocol. The microprocessor on the
daughter board runs a small multi-threaded operating system to allow it to perform its
various functions efficiently and not limit the rate of data throughput of the complete
system. The CIDD software is written in assembly language to maximise performance. An

overview of the CIDD software is presented below.

The operating system kemel supports multi-threaded operation using a simple schedular.
The schedular allocates time-slices of 1/512 second and is invoked using an interrupt from
the CPU periodic interval timer (PIT). A priority scheme is used to select the next task to be
executed. A task may be suspended, if required, until a specific condition occurs. A thread

may release the remainder of a time-slice if it connot conmtinue for any rteason.

13
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Communications between threads is based on a simple event notification protocol. Shared

resources are protected using semaphores whenever there is any potential for access conflict.

The various threads are as follows;

Each incoming command from the host computer is stored in a dynamically allocated
packet buffer using a interrupt handler. The packets are stored in a queve for processing.
The feed task maintains a reserve 10 two packet buffers for use by the handler since it is
not possible to perform the memory allocation within an interrupt.

The execpacket task performs the action specified by each command packet . A
response packet, if required, is placed in an output queue. The command packet is then
madified to form an acknowledgment packet and placed in the outpul queue. In
addition, it transfers frame data packets

The sendpacket task writes packets in the output buffer out over a serial line to the host
computer.

Three tasks readport, writeport, and reporievent perform a similar function to the
packet-based communications system, but are text-based 1o allow convenient software
debugging over a serial port connection.

The camera_mon task manages the setting and verification of the camera software
control parameters. It executes cnly at system initialisation or when a change to some
parameter is required.

The display_mon task maintains a display of important information on a LCD display
for use by the survey vehicle driver.

The exposure_mon task monitors the output of the exposure sensor and computes the
electronic exposure interval best suited to the road surface characteristics.

The status_mon task provides automatic control of the illumination system 1o prevent
road damage due to overheating when the vehicle stops. It also checks for and reports

abnormal conditions such as lamp failure,

14
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The time-critical functions relating to camera liming, frame formatting and data distribution
are performed using interrupt handlers and the Time Processor Unit (TPU) within the
microprocessor. The TPU censists of a block of configurable 1/O logic, memory and an
embedded CPU which are organised to provide a wide variety of time-dependent /O

operations on up to 16 channels. The usage of the TPU for the CIDD board is described

below.

Channel 5 is used to produce the START pulse for the camera, which initiates 4 readout of
one image line. The TPU Synchronised Pulse Width Modulation (SPWM) function is used.
The pulse period is controlled to give one line per millimetre of vehicle motion. This

channel is used as the primary synchronisation source for much of the CIDD operation.

Channel 6 uses the SPWM function to generate the SHUT signal. The electronic exposure

interval may be adjusted from zero to any required value in approximately 240 nanosecond

(ns) steps.

Channels 0, 1 and 2 are configured to produce a frame trigger pulse just before the start of a

new frame. The pulse may be directed out of any one combination of the three channels,

_This pulse signals the frame grabber that the following frame should be saved and

processed.

A distribution table of up to 512 entries is used to control the frame sampling strategy. Each
table location of 8-bits specifies a required action. A pointer fo the current table entry is
incremented after each frame and reset back to the start after the last entry is reached. Bits 0,
1 and 2 indicate the frame should be saved by frame grabber 0, 1 or 2. Bit 7, if set, forces a
reset of the access pointer. Bit 6 may be used to halt frame distribution after that entry is

processed. This distribution method allows complete flexibility in the choice of sampling

Strategy.
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Chanoel 3 issues an interrupt at the start of the first line in a frame. The interrupt handler
then writes any required information for the last frame in a packet buffer and places that

buffer in a queue far output by the execpacket task.

Channel 4 issues an interrupt at the start of the last line of a frame, The interrupt handler

computes the average vehicle speed over that frame and updates the START period.

Channel 11 issues an interrupt which triggers generation of pulses on channcls 0-2 at the

appropriate time.

Channels 14 and 15 decode the quadrature signals from the rotary encoder to give an

accurate estimate of vehicle motion,

Channels 12 and 13 are used to synthesise quadrature signals, similar to those from a rotary

encoder, and are intended for diagnostic purposes.

Channel 10 is used to support interrupt mode RTS/CTS serial flow control over the
MC68F333 internal serial interface.

Channel 7 receives input from both an optical sensor and a user-operated switch. Either
Input may initiate acquisition of camera data at the beginning of a survey, or introduce a

reference mark in the packet communications data stream.
Channels 8 and 9 are used to support synchronization of multipie CIDD units.

Optimum control of the camera electronic exposure is facilitated through the use of a
scparate light sensor system. The system comprises a sensor with a spectral response
matching that of the camera. A lens is used to allow the sensor to sample light reflected
from the region of road surface viewed by the camera. The raw sensor signal is amplified,

filtered and transmitted to the CIDD board where a combination of analog and digital
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techniques arc used to compute the optimum exposure interval for the observed road

characleristics.

The CIDD hardware and software can support reliable image acquisition at vehicle speeds
from 4 to 105 km/hr when the image scale is such that one pixel corresponds to cne

millimetre on the road surface.

HOST AND IMAGE PROCESSING COMPUTERS

According to the system aspect of the invention there are ideally two ways of processing
data obtained from the CIDD. The first of these is by way of a pipe line principle and the
second by means of paraliel distribution of data through processing computers.  Software
algorithms used in the processing of this data are the same irrespective of which of the two

data processing systems are adopted.

According to one embodiment the hardware/software task functionality operates according

to the following steps:

a) data is accepled from the digital camera;

b) framing signals are generated by the CIDD to form images for image processing;

) image data is distributed to each of the image processing computers and to the host
computer;

d) the host computer issues commands to set up the required functions for image

processing and data generation.

The interaction of the hardware between obtaining road crack data and its storage
assimilation and where applicable dilution is enabled by new software written specifically
for the purpose. Operating system and software reside on a central hard disk attached to the
host computer. The front end system and image processing units are diskiess and boot from

the host machine over an ethemet without user intervention. The front end systemn displays
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a user interface on a LCD screen/touch screen which allows the user to control the system
remote from the host and processing computers. Sysiem software implemented includes:
a) control of system start up, initialisation and control parameters;

b) communication with the camera interface and data distributor - interpretation of

commands;
<} communication with the user interface computer - interpretation of commands;
d) user interface to set up, control and diagnose system instrumentation;
€) image and data acquisition and processing;
f) frame grabber control;

2) manage the distribution of image data processing load between parallel operating
image processing computers;
h) apply the appropriate image processing algorithms to the image data;

1) merge frame information with processing results and generate output data file.

Figure 4 shows a schematic layout of system hardware. Figure 5 shows the hardware
configuration categorised into data acquisition, control system and data processing. Figure
6 shows a schematic layout of the software system implementation for real time sub-
sampling . Figure 7 shows a schematic layout of the software system implementation for
real time continuous sampling. Figure 9 shows a further general schematic layout of the

armangement of the system aspect of the present invention.
IMAGE PROCESSING SOFTWARE

The first step of the image processing algorithm uses a “separable rank filter” to filter the
image. A binary image is produced in which a pixel is ON if its value in the original image

is lower than the corresponding value in the filtered image.

In the second step, candidates for longitudinal and transverse cracking are extracted using a
shortest-path method. To find the candidate for longitudinal cracking, a longitudinal

shortest-path is found through the binary image using a dynamic programming algorithm,
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This is the top-to-bottom path with the most ON values. From this path a contiguous
scgment of a certair: fixed length is selected, again maximising the number of ON values.
This is the candidate segment of longitudinal cracking, and the number of ON values is the
“longitudinal cracking score” for the image. A candidate segment of transverse cracking,
and a “transverse cracking score” for the image are then computed in the same way using a
left-to-right shortest path, except that a “transverse texture score” is also computed. Whereas
the “transverse cracking score” is based on the maximum in the right-most column of the
distance-to-lefl image, the “transverse texture score™ is equal to the minimum in the right-

most column of the distance-to-left image.

At each pixel on each candidate segment an integer crack widih estimate is computed by
inspecting the original image in the vicinity of the corresponding pixel. For each of the two
candidate cracking segments, a smoothed median of these estimates is computed as the

crack width estimate for the candidate segment.

The presence of longitudinal cracking is determined by comparing the “longitudinal

cracking score” to a threshold.
The presence of transverse cracking is determined in a more complicated way:

- If the “transverse cracking score” is above a threshold, then transverse cracking is
determined to be present.

- Otherwise, if the “transverse cracking score” is below another threshold, then
transverse cracking is determined nor to be present,

- Otherwise, if the difference between the “transverse cracking score” and the

“transverse texture score” exceeds a threshold, transverse cracking is determined to

be present.

- Otherwise, transverse cracking is determined ot to be present.

If longitudinal cracking is detected, but transverse cracking is not detected, the cracking type

is “longitudinal”,
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If transverse cracking is detected, but longitudinal cracking is not detected, the cracking type

is “transverse”.
If neither longitudinal nor transverse cracking is detected, the cracking type is “none”.

If both longitudinal and transverse cracking are detected, or high density longitudinal

cracking is detected (see “Extent Measurement” below), the cracking type is “crocodile”.

Extent Measurement

An algorithm exists for calculating the average number and extent of cracks in both the
longitudinal and transverse directions within the image. Probable crack locations are
identified by finding local maxima in the distance array which is an intermediate image in

the shortest-path calculation. The results can be combined to estimate quantities such as

density and extent of cracking in a frame.

If the extent of longitudinal cracking exceeds a threshold, then “high density longitudinal

cracking” is detected.

Tyning Removal
Approximately transverse tyning is attenuated in the image used for Lransverse crack
detection by use of a rank filter with a window one pixel high. When no tyning is present,
the standard algorithm (described above) can be written:
- X1 = transverse_rank(X0, nx)
- X2 = longitudinal_rank(X1, ny)
- B2=X0<X2
- transverse_detect(B2)
- longitudinal_detect(B2)
where X0 is the input image, and nx and ny are, respectively, the transverse and

longitudinal dimensions of the filter.
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When tyning removal is required the order is slightly altered so that transverse detection is
carried out on an image which is produced by purely transverse filtering:
. X1 = transverse_rank(X0, nx)

- B1=X0<X1

- transverse_deteci(B1)

- X2 = longitudinal_rank(X1, ny)

- B2=X0<X2

- longitudinal_detect(B2)

USER INTERFACE:

Operator access to the system during routine data collection activities is provided via a
notebook computer, or “touch-screen” type device located in the front cabin of the host
vehicle. The main functions of the user interface are:

* system initialisation and control

* sclection from a list of data collection modes

* initiation of data collection, in a selected mode of operation

road location referencing and input of special features and events

* real-time processing of road cracking provided as operator fecdback

Operation of the RoadCrack equipment produces records of road pavement cracking
information referenced against an accurate distance reference determined from a
measutement (ransducer.  Selection of an optional road location referencing system
produces a scrolling list of roadside features which are synchronised with the distance
measurement record. Provision is made for a location referencing system specific to the
needs of the road authority. Recording of data for inlervals of 10m, or shorter, being less
than the proposed 100m reporting interval, allows data to be collected in each direction of a

roadway to be consistentty reported from a common referencing point.
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The extent of operator intervention is minimised by provision of menu-prompts to minimise
the subjectivity applied to the data collection process and thereby reduce the potential for
error.  System information is provided on the operating screen to allow direct operator
response to extraordinary conditions encountered during the period of opezation. The user
interface provides operator feedback which includes an indication of the cracking
determined from “real-time” processing. The provision of this information allows the
operator to record or respond Lo any anomalies or problems which may corrupt the integrity
of the data during the period of operation of the RoadCrack system. A summary report and
data disk is provided at the end of each data collection run and no significant further

processing is required to produce more detailed reporting formats.
DATA SUMMARISING AND REPORTING

The raw data format from the acquisition system consists of a number of individual record
lypes each denoted by single letter prefixes. This data set contains information relating to
Velocity, Exposure, Road Location Information, as well as Cracking summaries for each
500mm x 750mm image frame collected by the system. For each 500mm x 750mm image
frame, the system reports the predominant cracking type (transverse, longitudinal, crocodile
or none), the cracking severity and crack width along with various other values relating to

the camera timing and processing paramelets.

This frame centric data is then summarised by combining frames occurring within each 10
metre longitudinal segment into a single record. The method of summarising the data
centres around recording the numbers of records that fall into various categories. By
recording the fotal number of image frames analysed within the 10 metre segment, the
number of frames recording cach type of cracking can be reported as a percentage of the
total images analysed. This reporting method enables comparable results from successive

surveys to occur, even if the number of modules, or sampling methods change over time.
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When summarising the data into 10 metre segments, the frames are categorised by

predominant erack type and by crack width. This becomes the intermediate Road Crack
Data {RCD) format data file.

The final reporting step involves further summarising the RCD file into 100 metre segments,
as shown in Figure 10. For each 100 metre segment, the total number of frames is reported.
This is followed by detailed breakdawns of the number of frames exhibiting cracking in
each of the three crack types along with the average crack widths for each. Road Location
Data and/or miscellaneous features entered by the operator during acquisition are also

reparted in relation to the cracking data.

Figure § shows a side elevation and plan view of a vehicle showing an equipment layout

according to one embodiment of the invention.

Tt will be recognised by persons skilled in the art that numerous variations and modifications
may be made to the invention as broadly described herein without departing from the overall

spirit and scope of the invention.
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CLAIMS:
1. A system for acquiring, processing, storing, analysing, and reporting data relating to

the condition of a road or other pavement surface in real time; the system including; at least
5  cne digital image acquisition means positioned relative to a pavement surface so as to
capture images of the pavement surface whilst the digital image acquisition means is
moving relative to the pavement surface; an illumination assembly to illuminate the region
on the pavement surface from which an image is taken; an interface between the image
acquisition means and at least one computer; processing means in said at least one computer
10 for real time processing of said images to detect and classify cracks and other pavement

surface features.

2. The system as claimed in claim 1 wherein said inferface manages the manner in

which the digital image acquisition means acquires images.

15
3. The system as claimed in claim 2 wherein said interface adjusts the acquisition
timing of the digital image acquisition means in relation to the speed at which said digital
image acquisition means is moving relative to the pavement surface.

20 4. The system as claimed in claim 3 wherein said interface also adjusts the acquisition

timing of the digital image acquisition means relative to the reflectivity of the pavement

surface.

5. The system as claimed in claim 4 wherein said digital image acquisition means is
25 capable of receiving at least one line of image data for every 1 millimetre of movement of

said digital image acquisition means relative to the said pavement surface.

6. The system as claimed in any one of claims 2 to 5 wherein said interface includes
synchronising means for synchronising the acquisition and processing of images from more

\en one digital image acquisition means.

AMENDED SHEEZI'4( Article 34) (IPEAJATD
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7. The system as claimed in any one of the preceding claims wherein said interface also
manages the flow of data to said processing means to enable real time processing of said

data.

8. The system as claimed in claim 7 wherein said real time processing of said data
includes real time continuous processing, real time continuous processing by subsampling,

and storage of said data to allow real time post-processing at some later time.

9. The system as claimed in claim 8 wherein said interface manages the flow of data to
said processing means by a number of steps including;

(@)  formatting each acquired image to a size suitable for processing;

(b)  marking each image with a unique identification code; and

(¢)  distributing the images to the processing means.

10.  The system as claimed in claim 9 including the additional step of selecting a

subsample of acquired images for processing.

11, The system as claimed in claim 10 wherein said subsample is selected by means of a

sampling fable.

12. The system as claimed in any ome of claims 9 to 11 wherein said unique
identification code contains information relating to the location at which the image was

acquired.

13.  The system as claimed in claim 12 wherein said information on the location at which
the image was acquired is at least partly provided to said interface by means of a Global

Positioning System (GPS) and/or a road location reference system.

14.  The system as claimed in any one of the preceding claims wherein said processing

means is capable of analysing images of at least one type of road surface in real time.
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15.  The system as claimed in claim 14 wherein said processing means is capable of

analysing images of more than one type of pavement surface in real time.

16.  The system as claimed in claim 15 wherein said types of pavement surface include:
i) sprayed seal,
ii) asphalt; and

iif)  concrete,

17. The system as claimed in either one of claims 14 to 16 wherein said processing
means processes said images to detect and classify cracks and other pavement surface
features by performing a number of steps including:

i) image filtering;

1) crack isolation; and/or

i)  crack measurement.

18.  The system as claimed in any one of claims 14 to 17 wherein said processing means
utilises a number of algorithms to detect and classify cracks and other pavement surface
features including:

i) a rank filter algorithm;

ii) a shortest path algorithm;

iv)  acracking score algorithm;

v) a texture adjusiment algorithm; and/or

vi) a cracking density algorithm.

19. The system as claimed in any one of claims 14 to 18 wherein said processing means

includes means for separating out artefacts and textures on the pavement surface.
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20.  The system as claimed in claim 19 wherein said means for separating out artefacts

and textures on the pavement surface includes means for the removal of or compensation for

tyning and blooming from the images.

21, The system as claimed in any one of claims 14 to 20 wherein said processing means

classifies said cracks as:
i) transverse cracks;
i) longitudinal cracks;
iii) crocodile cracks; and/or

iv)  straight / non-cracked fcatures.

22. The system as claimed in any one of claims 14 to 21 wherein said processing means

includes either a pipeline processing means or a parallel processing means.

23.  The system as claimed in claim 22 wherein said pipeline processing means includes

a series of circuit boards capable of analysing said acquired image data continuously in real

time.

24. The system as claimed in claim 22 wherein said paratlel processing means includes a
plurality of image processing CPUs arranged in parallel, each processing a subsamplie of the

acquired data in real time.

25. The system as claimed in any one of the preceding claims wherein said illumination
assembly includes; a fight source; and means for providing even intensity and direction of

light according to the level of exposure required by said digital image acquisition means.

26.  The system as claimed in claim 25 wherein said means for providing even intensity
and direction of light includes at least one refiector which concentrates the light emitted

from the light source on an area of the pavement surface from which the digital image is
taken.
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27.  The system as claimed in claim 26 wherein said reflector is a cylindrical reflector

and said light source is a linear quartz iodine lamp.

28.  The system as claimed in any one of the preceding claims wherein the digital image
acquisition means is a digital camera and includes; a sensor; a time controlled automatic
external clectronic exposure which captures images of the pavement surface at a speed
which is proportionate to the speed at which the digital image acquisition means is moving

relative to the pavement surface, and which takes the reflectivity of the pavement surface

into account.

29.  The system as claimed in claim 28 wherein said sensor includes any one of:
a) a photodiode;
b) a charged coupled device (CCD); or

c} atime delay integration (TDI) of photosensitive elements.

30.  The system as claimed in any one of the preceding claims wherein the system is
mounted on a vehicle, allowing the digital image acquisition means to capture images of the

pavement surface as the vehicle moves along the pavement.

31.  The system as claimed in claim 30 wherein said vehicle is capable of travelling at

highway speeds.

32. 'The system as claimed in claim 31 wherein said highway speeds includes speeds

between 5 kilometres per hour and 120 kilometres per hour.
33.  The system as claimed in any one of claims 30 t¢ 32 wherein said information on the

location at which the image was acquired is at least partly provided to said interface from

information cbtained from a distance transducer attached to a moving part of the vehicle.
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34, A system for real time capture and processing of pavement crack data comptising; a
vehicle capable of travelling at highway speeds, means in or on said vehicle for capturing
digital images of the pavement surface; and means linked to said means for capturing digital

images for processing at least part of said captured data in real time.

35.  The system as claimed in claim 34 wherein the means for capturing digital images
includes a digital camera and the processing means includes computer hardware and

software for processing said digital images.

10 36.  The system as claimed in either of claims 34 or 35 wherein said highway speeds

includes speeds between 5 kilometres per hour and 120 kilometres per hour.

37. A system for enabling real time capture and processing of data relating to the
condition of a pavement, the assembly including; a vehicle capable of travelling at highway
15 speeds; means associated with said vehicle for capturing pavement crack data; and means

for processing captured data in real time.

38.  The system as claimed in claim 37 wherein the pavement is a sprayed seal, asphalt or
concrete surface and said means for processing and storage of captured data includes means

20  for removal of unwanted data,

39.  The system as claimed in either of claims 37 or 38 wherein said highway speeds

include speeds between 5 kilometres per hour and 120 kilometres per hour.

25 40. A system for real time capture of and processing of pavement crack data relating to
the condition of a road pavement, said system comprising; a vehicle capable of travelling at
highway speeds; a digital camera mounted in or on said vehicle for capturing images of said
pavement whilst said vehicle is in motion; processing means in or on said vehicle, and
linked to said camera, for receiving data captured by said camera, and for removal of any

nwanted captured data in real time.

AMENDED SHEE%gc’ Article 34) (IPEA/AD)
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41.  The system as claimed in claim 40 wherein said highway speeds include speeds

between 5 kilometres per hour and 120 kilometres per hour.

42.  The system as claimed in any one of the preceding claims wherein data is stored- in
any one of following ways:
i) no images are saved and only detection and classification results are saved;
ii) only images are saved;
iif) both images and detection and classification results are saved; or
i) a sample of images and their corresponding detection and classification

results are saved.

43. A method for real time capture and processing of pavement crack data comprising

the steps of:

()  using digital image acquisition means having an electronic exposure control and
positioned relative 10 a pavement surface to capture images of the surface whilst the digital
image acquisition means is moving relative to the surface, in conjunction with an

illumination assembly which illuminates the region from which an image is 1aken;

(b)  using an interface between the digital image acquisition means and at least one
computer to manage the manner in which the digital image acquisition means acquires

images and to manage the way in which the acquired data is passed on t0 an image

processing CPU; and

(c)  using software and/or hardware in an image processing CPU to process said
image(s) of the pavement loaded into the computer by a number of steps which include:

1) image filtering;

1i) crack isolation; and/or

iil) crack measurement.
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