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Criteria for Evaluating Pavement 
Imaging Systems 

CARL HAAS AND SuE McNEIL 

A number of pavement imaging systems have been developed in 
the last few years. Choosing the system that will best fit an ag~n
cy's needs and resources is a difficult task, because of t?e wide 
variation of alternatives. However, automated pavement 1magmg 
systems technology is mature en?~g.h to be broken down into a 
distinct set of elements and activities. Understandmg the ele
ments, how they are combined, and the design t~adeoffa betw~en 
them is necessary to develop and understand cntena w1~h wh1c.h 
a pavement imaging system can be evaluated. A descnpt1on 1s 
therefore presented of the hardware, software, and procedural 
element~ that a1e useu Lu al'.yui1e , slure, process , report, and use 
pavement distress data. On the ~asis of this kn?wle?ge, a set of 
criteria is developed for evaluatmg pavement 1magmg systems. 
Three example systems are used to illustrate element combina
tions, and to illustrate how the criteria can be used to evaluate 
alternatives in practice. 

Interest in automated pavement imaging systems is increasing 
as system developers are demonstrating that accurate pave
ment surface distress data can be collected at relatively high 
speeds. However, the variety of approaches to data collection, 
processing, and storage is bewildering, making the selection 
of a particular system a difficult task. In order to assist decision 
makers a set of criteria is described that can be appraised 
for any' imaging system to ensure consistent, rational com
parisons of systems. Pavement condition data and develop
ments in automated pavement distress data collection bear 
out the importance of these crite~ia. 

Pavement condition data are widely used in pavement man
agement systems to select maintenance and rehabilitation 
strategies and to predict future performance (1,2). A com
monly used measure of pavement condition is surface distress 
(1). Many agencies have developed methods for assessment 
of pavement surface distress on the basis of the density of 
each distress type and severity of distress (1,3 ,4). With rare 
exception, the evaluation of pavement distress has been per
formed by manual observation of the surface condition. How
ever, there are several compelling reasons for automating the 
recording and evaluation of pavement distress. These reasons 
include the need to reduce data collection costs, to improve 
data quality, and to improve the safety of the data collection 
effort. Visual surveys are subjective, and almost always lead 
to inconsistencies in distress detail over space and across eval
uations. In addition, they require extensive time and resources 
for data collection. Given current constraints in time and 
resources, visual techniques are limited to small sample sizes , 
simple record keeping procedures, and infrequent data col-
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lection. Automated techniques are potentially more consis
tent and thorough. Furthermore, there is likely to be more 
emphasis on condition data with the mandate from FHW A 
for all state highway agencies to develop pavement manage
ment systems (PMSs), and more agencies will be looking for 
fast, efficient ways to collect data. 

Automated technologies have already been introduced to 

replace or complement current data collection methods. Sev
eral research and development efforts, both in the United 
States and abroad, have focused on the development of auto
mated methods for pavement surface distress evaluation . The 
results of these efforts vary in cost, complexity, and func
tionality. Examples range from laboratory-based prototypes 
with automated image processing to streamlined, all-purpose 
survey vehicles. These efforts include the ADDA system (5), 
the PCES system (6-8), the ACM system (9), the EKTRON 
system (10), the French GERPHO system (11,12), the Gulf 
Research Institute system (13), and the Komatsu system (14). 
Though a great deal of effort has recently been applied to 
this area of research, no one system stands out in terms of 
overall performance as the results of field tests indicated (15) . 

These new technologies for automated detection of surface 
distresses are generally faster, more objective, and more con
sistent than human observations. Although the potential 
advantages of the new technologies are clear, they may be 
costly, subject to bias, and their introduction will require 
additional training. The selection of the best or most appro
priate pavement imaging system for a particular organization, 
such as a state highway agency, is not a clear decision. In 
addition, because these systems have not been operative for 
long, and are mostly in the development and testing phase, 
their accuracy and performance are not fully characterized. 
This paper develops and describes criteria to assist in the 
evaluation and comparison of pavement imaging systems. These 
criteria can then be used to make subjective judgments, or 
they can be used as input to multiobjective and multiattribute 
decision making tools such as the analytical hierarchy process 
(16). The criteria are applied to two existing systems and a 
hypothetical system to demonstrate their use. The elements 
of pavement imaging systems and the three systems used to 
demonstrate the application of the criteria are described in 
the following section. 

ELEMENTS OF PAVEMENT IMAGING SYSTEMS 

To develop pavement imaging systems evaluation criteria, it 
is necessary to first understand the systems' parts, what they 
do, and how they interact. This section discusses how elements 
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are combined to form a pavement imaging system, and it 
identifies and describes those elements common to many 
pavement imaging systems. Design tradeoffs between ele
ments are also discussed. Three system architectures are used 
to illustrate these concepts. Two of the systems are currently 
in use, and one is a hypothetical design. 

Pavement imaging systems integrate hardware, software, 
and procedural elements to perform several actions on pave
ment data. The hardware elements include computer, sensing, 
illumination, and other components. The software elements 
are algorithms and processes implemented using high level 
code or machine language. The procedural elements represent 
particular approaches to the design and operation of the 
pavement imaging system, as well as the output of the system. 

The actions performed by the hardware, software, and pro
cedural elements are (a) sensor data acquisition, (b) sensor 
and processed data storage, ( c) data processing, ( d) reporting 
distress condition data, and (e) using the data for various 
applications. For most actions, various combinations of hard
ware, software, and procedural elements can be used 
(Figure 1). As indicated in the figure, the pavement imaging 
system hardware is used for data acquisition, storage , pro
cessing, and reporting. Examples of devices that could be used 
for these actions are a line scan camera, a video cassette, a 
workstation type computer, and a printer, respectively. 
Although software is used in almost all activities, configura
tion choices primarily exist in processing, such as coding of 
image processing algorithms, and reporting, such as graphical 
presentation of results. Finally, procedural elements are 
inherent in all the actions. They include decisions such as the 
sampling strategy for data acquisition, the processing sequence 
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for storage, the device location and speed of processing, the 
level of aggregation of the data for reporting, and the type 
of data produced for an intended use . 

SAMPLE ARCHITECTURES 

Three sample architectures are presented to illustrate the use 
of the criteria for evaluation. Two architectures, the PCES 
and the Komatsu systems, continue to be under development . 
The third architecture is a hypothetical system. 

PCES System Architecture 

The PCES Pavement Distress Imager I (8) (Figure 2) is an 
on-board, real time pavement imaging system. It uses intense 
illumination and 27-µsec exposure CCD line cameras to acquire 
image data line by line, and completely process it as the vehi
cle moves down the road at speeds up to 50 or 60 mph. It 
uses a feedback image processing control strategy, by selecting 
binarization thresholds based on histograms accumulated from 
the last eight frames processed. The processing hardware is 
arranged in a pipeline architecture with a 32-bit controller. 
The hardware, which requires environmental control for oper
ation, uses dynamic threshold selection and 4- x 4-ft area 
thresholding. Possible gross changes in surface texture and 
color are flagged automatically, whereas manual flagging is 
used for other artifacts such as patching. The system covers 
33 percent of a 4-m-wide pavement surface, so it will not 
observe progressive edge cracking. However, the system can 
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FIGURE 1 Elements and actions of pavement imaging systems. 



66 

CJ 

1024 
pixels 

0.1" 
2.5mm 

illumination 

CJ 
t t 
8' 48" 

FIGURE 2 PCES system architecture. 
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produce an estimate of the extent of cracking in each 1-ft
square section covered, on the basis of a count of the number 
of black pixels left in the square after thresholding. Identi
fication of type of cracking is suggested using spatial reasoning 
on the results. Although the threshold selection is responsive 
to surface conditions, it is unclear how the cracking magnitude 
estimates that are the results will be calibrated between 
pavement sections and with manual observations. 

Komatsu System Architecture 

The Komatsu Automatic Pavement Distress Survey System 
(14) shown in Figure 3 acquires cracking, rutting, and Ion-
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FIGURE 3 Komatsu system architecture. 
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gitudinal profile data -concurrently at up to 40 km/hr. The 
rutting and longitudinal profile data are processed in real time, 
on board the survey vehicle. The image data analysis subsys
tem, which is discussed here, processes image data at a rate 
up to 450 m/hr or about V4 mph, and can process the data on 
board. The system uses argon laser irradiation of a strip in 
front of the vehicle, 4 m wide. The strip is scanned for imaging 
information using a photomultiplier tube and the image data 
are stored on a high-density video tape recorder device for 
later analysis. The processing system uses a parallel-processing 
architecture with a variable number of processors to imple
ment a sophisticated processing algorithm that is potentially 
capable of identifying width, length, and direction of cracks, 
and of identifying type of cracking within 0.5-m-square 
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FIGURE 4 Hypothetical system architecture. 

sections. The system is estimated to perform at 80 percent of 
the accuracy of manual identification with hand digitization 
of cracks on a view screen. 

Hypothetical System Architecture 

The hypothetical system (Figure 4) uses the Komatsu image 
data acquisition and storage technologies. Samples consisting 
of 5 percent of the road length are siphoned off the high
density raw image data stream. The remaining data are dig
itally compressed by a factor of four in each dimension and 
stored on two standard density, addressable VCR systems. 
Compression and storage are performed on board in order to 
extend the Komatsu data acquisition system's current range 
of 10 km by several times. (A feasible alternative is a pho
tographic image acquisition and storage system such as the 
Pasco (17) or the GERPHO (12) system coupled with an 
office-based projection imaging configuration .] Crack width 
and length distributions are derived from the high-density data 
sample for every 100 m section. The standard-density data 
for each section are processed to yield cracking location and 
type using a simple edge vector based classification algorithm 
(5). This is possible in near-real time using dedicated con
volution processors. The distributions from the high-density 
sample are used to further characterize the low-density results 
(18), for a maximum amount of information with a minimal 
amount of processing. The results are stored in a strip quad
tree format (as described by Haas and Hendrickson in another 
paper in this Record), which includes type location and den
sity information, and then integrated with other condition 
data for presentation and further processing at various levels 
of aggregation. 

CRITERIA 

The three system configurations described in the previous 
section illustrate combinations of hardware, software, and 
procedural elements. The evaluation of any system is com
plicated for several reasons. First, tradeoffs between the design 
elements make direct comparison of actions difficult. Second , 
the interrelationships between the actions vary, because par
ticular actions occur at different points in the system. Finally , 
the system output differs in form, quantity, and quality. Because 
of these complicating factors, well-defined criteria for eval
uating imaging systems are needed so potential users of these 
systems can make consistent, rational decisions. 

Six criteria have been identified. The criteria are not mutually 
exclusive or collectively exhaustive but were chosen to capture 
the important features of systems that should be considered 
in the evaluation. They are economic costs, system reliability, 
quality of data, survey rate, manufacturer support, and system 
flexibility. These criteria are described in the following 
paragraphs. 

Economic Costs 

Economic costs include all costs incurred in acquiring, oper
ating, and maintaining the system over its life. For this one 
criterion alone, tradeoffs are present because the more auto
mated the system the less the operating costs but the higher 
the acquisition costs. A general discussion of these costs is 
given by Kaimakamidis (19). Because systems may be acquired 
through purchase, annual contract, licensing agreements, or 
leasing, the different components of costs may be included in 
different ways. For example, some costs included in the 
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economic analysis may be annualized costs rather than initial 
costs. The selection of a financing approach and contractual 
agreements is independent of the economic analysis. Because 
the economic costs differ over the life of the system, a planning 
horizon and minimum attractive rate of return must be selected, 
and the economic analysis must consider the effect of assump
tions regarding these parameters as well as the life of the 
system. Therefore, acquisition costs include initial costs, pur
chase costs, financing or leasing costs , and personnel training 
costs. Purchase costs not only reflect system development cost 
and material acquisition and assembly, but options for system 
operation as well. For example, the system may include a 
custom-engineered survey vehicle or may be added to an 
existing vehicle. 

Operating costs include personnel, energy, and expendable 
hardware. Personnel are required to navigate the system, and 
to control processing and interpret the results. These costs 
vary with the extent of automation, and the required fre
quency and procedures for recalibration of the equipment. 
Vehicular and energy costs and the type, cost, and rate of 
usage of storage media are also important operating costs. 
Large survey vehicles with extensive on-board computmg may 
be heavy fuel users. High-density, reusable storage media are 
expensive but possibly better economic value than lower cost, 
low-density media. 

Maintenance costs include maintenance of physical equip
ment (vehicle, power supply, computing equipment, and sen
sors), software, and storage media. These elements may be 
covered under an annual service contract. Physical equipment 
maintenance ranges from routine cleaning and preventive 
maintenance, such as oil changes, to component replacement. 
Software maintenance includes implementing software improve
ments and updates, ensuring compatibility of hardware and 
software, updating documentation, and supporting user appli
cations. Storage media maintenance involves removal of 
incorrect and out-of-date data. The time required for this 
maintenance varies with the approach used for storing data, 
the amount and type of data stored, and the ultimate use for 
the data. 

Economic costs are measured in discounted constant dollar 
amounts over a planning horizon using a figure of merit such 
as the net present value (20). The evaluation of the eco
nomic costs of using a new technology for condition data 
collection based on net present value analysis is presented by 
Kaimakamidis (19). 

System Reliability 

The reliability of the system is a function of the quality of the 
manufactured system, and operation and maintenance of the 
system over its life. This criterion should be evaluated in terms 
of the expected frequency and duration of downtime, and the 
implications of downtime. For example, systems with low 
expected frequency of downtime but with a long expected 
duration of downtime may be preferable to a system with 
frequent but short downtime, if downtime can be used effi
ciently. The implications of downtime may be measured as 
the costs of other equipment or personnel that are idle when 
the system is not functioning or the cost to rent similar 
equipment. 
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Quality of Data 

The quality of data must be assessed in two different ways. 
The first way is from the perspective of the intended use of the 
data. The second way is in terms of the accuracy of the data. 
Each approach is considered in the following paragraphs. 

The form of the data directly affects the quality of data for 
the user in terms of whether or not the data meet the user's 
needs. Form may be defined as 

•Type of measurement, such as the linear foot of cracking 
or extent of cracking. Therefore, the types of measurements 
vary from the recognition of the presence of distress to 
measures of distress type, extent, and severity. 

• Coverage of the system in terms of the fraction of the 
area surveyed. This fraction is determined by field of view 
(that is, the width observed during one pass of the system), 
the area of pavement observed as the system moves along, 
and the data collection strategy used to obtain transverse 
coverage. Because most systems operate with the traffic stream, 
they are constrained to operate in the center of a lane and 
only one pass is made in each lane. 

•Representation of the data. The data collected may be 
presented at various levels of aggregation. For example, data 
may be averaged over a pavement section , or disaggregate 
data can include the location, orientation, width, and length 
of individual cracks. 

Because most agencies have experience with visual assess
ments of pavement surface distress, if the form of the data is 
not compatible with existing procedures , then adoption of the 
system will require changes in other procedures within the 
organization. For example, manual visual surveys may inspect 
100 percent of the pavement, whereas an automated system 
(or survey) may observe only parts of the pavement. Alter
natively, cracks may be measured by severity (width) and 
extent rather than total length. Different forms of data may 
require revision of decision criteria used for rehabilitation and 
maintenance strategy selection. 

The accuracy of the data is an extremely important com
ponent of quality, because inaccurate data may be biased or 
show great variability and result in poor management deci
sions. The implications of inaccurate data include premature 
rehabilitation, increased user costs due to deferred mainte
nance and rehabilitation, and inadequate budgets for neces
sary projects (19). Errors enter the data collection process in 
each of the elements shown in Figure 1 and because of the 
interrelationships between the elements, the errors are prop
agated throughout. The accuracy of the final measurement 
depends on the hardware, the software, and the procedures 
used for calibration and registration. The procedures may be 
automated, operator assisted, or manual. The accuracy of the 
data is difficult to assess without extensive validation. Because 
experience with these systems is relatively limited, experi
ments need to be conducted. Accuracy may be specified for 
various elements in terms of resolution, but overall system 
accuracy should include error bounds with confidence inter
vals. It is important to realize that high levels of accuracy 
are not necessary for all applications. For example, planning 
for rehabilitation of a network does not require accurate 
measurements of the width of each crack. 
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Survey Rate 

Although the survey rate has already been considered in 
determining operating costs, the survey rate is important for 
determining the impact of the vehicle on traffic and the num
ber of units required to cover the required area at a reasonable 
frequency . Survey rates are commonly measured in lane-miles 
per hour and should also note any operating limitations, such 
as being restricted to night time operation . 

Manufacturer Support 

The availability of manufacturer support is important, because 
most organizations are unlikely to have sufficient technical 
expertise to independently use, operate, and maintain these 
systems. Manufacturer support can include upgrades, avail
ability of training and service contracts, and easily accessible 
technical support. 

Flexibility of the System 

Both sensing and computing software and hardware have 
undergone rapid technological change . Although this tech
nology is maturing and stabilizing, systems need to be suffi
ciently flexible to embrace changes that will make the system 
more efficient, more accurate, or decrease costs. Similarly, if 
additional data are required or data are needed in a different 
form , the ideal system can be modified to provide the data. 

The set of criteria just described is summarized in Table 1. 
The table also indicates the type and units of possible mea
sures that may be used and the optimal levels for each of the 

TABLE 1 CRITERIA FOR EVALUATION 

System 
Criteria Measurement 

Type 

Economic Cost Discounted Net Present 
Value 

Reliability Frequency Downtime 
Duration of Downtime 
Implications 

Quality - Fonn Qualitative Assessment 
of Appropriateness 

Quality - Accuracy Error Bound 
Confidence Interval 

Survey Rate Speed 
Restrictions 

Manufacturer support Qualitative Assessment 
of Availability 

Flexibility Qualitative Assessment 
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criteria. These levels cannot be achieved for all criteria together 
because there are clear tradeoffs between them. Although 
several other criteria can be identified, they are generally 
captured in those listed. For example, a criterion for ease of 
use has not been included because this attribute should be 
captured in the operating and maintenance costs and the eval
uation of the form of data. 

EVALUATION EXAMPLES 

The evaluation of a system through the use of these criteria 
in itself will not ensure the best alternative. The specification 
of alternatives including assessing the value of the information 
gained, comparison with the null alternative and the status 
quo, various configurations of a system, and financing alter
natives are all important components of the final evaluation. 
The examples chosen for this evaluation are not intended to 
be exhaustive but to demonstrate the use of the criteria. 

Much of the information required for a full evaluation of 
the pavement imaging system examples described here is not 
available at this time. No pricing data have been published 
by the manufacturers ; however, some approximate , compar
ative economic cost estimates based on system component 
costs are possible. Lack of experience with any of the systems 
makes evaluating system reliability and manufacturer support 
difficult, but data quality, survey rate, and system flexibility 
are largely dependent on the system design, so they can be 
evaluated more accurately. Although some criteria are qual
itative, the set of criteria offered provides a consistent basis 
on which to evaluate and compare different systems. The 
ultimate choice depends on the user's needs , resources, and 
intended applications. 

Measurement 
Units 

$ 

Rate\ Year 
Hours 
$ 

Not Applicable 

% 

Lane Miles per hour 
Not Applicable 

Not Applicable 

Not Applicable 

Optimum 

Minimum Cost 

Minimum Frequency 
Minimum Time 
Minimum Cost 

Compatible with 
Existing Approaches 

Minimum Error 
Maximum Confidence 

Maximum Speed 
None 

Readily Accessible 

Very Flexible 
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TABLE 2 SUMMARY OF EXAMPLE EVALUATIONS 

System PCES Komatsu Hypothetical 
Criteria 

Economic Cost Moderate High Moderate 

Reliability Unknown Unknown Unknown 

Quality - Fonn 
o Coverage 30% 100% 100% 
oType Extent and location Location, Type, Severity Location, Type, Severity 

Extent or Density Extent or Density 
o Representation Simple Measures per Measures at any 

0.5 sq meter level of aggregation 

Quality - Accuracy Moderate Moderate Good 

Survey Rate Up to 60 mph Up to 40 mph Up to 40 mph 

Manufacturer support Unknown Unknown Unknown 

Flexibility Poor Poor, but has potential Very good 

Evaluations of the three example systems are summarized 
in Table 2. The pavement imaging subsystem of the Komatsu 
system is likely the most costly in terms of component costs 
because of its advanced scanning mechanism, the high-density 
VCR storage device, and the large number of expensive pro
cessors in the processing system. However, the system collects 
several measures of pavement condition, and hardware costs 
cannot be simply allocated to vision. The PCES system is 
likely less costly because it has fewer and generally simpler 
components. The hypothetical system will cost significantly 
less than the Komatsu system, because it has far fewer pro
cessing components. If a photographic film data acquisition 
system is used, costs may be reduced even more, but at the 
possible expense of image quality. 

The PCES system reliability is unknown, but should be 
good because of the relative simplicity of the system. The 
Komatsu system reliability is unknown, but it is being used 
in practice. The hypothetical system may be the most reliable 
because of the office-based location of critical system 
components, and its relative simplicity. 

The quality of data for each system is summarized in Table 
2. The Komatsu system accuracy is highest in terms of res
olution, and its overall quality of data is the greatest. The 
qualitative evaluation presented in the table should be replaced 
by actual performance data when they become available. The 
PCES system survey rate is excellent, whereas the Komatsu 
system survey rate is poor. The hypothetical system's survey 
rate would probably be close to but less than the PCES rate. 
Manufacturer support is unknown at this time, but it will 
become a significant factor as the technologies mature and 
enter the market place. 

The flexibility of the PCES system is poor because the 
processing algorithms are implemented as hardware . The 
method of code development is not known, however. Be
cause of the Komatsu system's interim, recognized crack 

segments representation, its potential flexibility is· good. 
The hypothetical system's flexibility is very good, because 
of the dual raw data storage format, and the office-based 
general processing system that would be coded in a high-level 
language. 

In summary, the Komatsu system is probably most appro
priate for small-scale, intensive, and detailed surface char
acterization activities. The PCES system would be most 
appropriate for surveying large networks to acquire condition 
information for simple network pavement management sys
tems. The hypothetical design should be appropriate for both 
those types of applications and more, depending on the 
current need. 

CONCLUSIONS 

Pavement imaging systems are formed from hardware, soft
ware, and procedural elements in order to perform several 
actions on pavement data (Figure 1). The actions include (a) 
sensor data acquisition, (b) sensor and processed data storage, 
( c) data processing, ( d) reporting distress condition data, and 
(e) using the data for various applications. Each action may 
consist of various combinations of hardware, software, and 
procedural elements. On the basis of this understanding of 
pavement imaging systems, criteria can be developed for 
evaluating and comparing system alternatives. 

The set of criteria proposed includes 

1. Economic costs, 
2. System reliability, 
3. Quality of data, 
4. Survey rate, 
5. Manufacturer support, and 
6. System flexibility. 
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Three systems that were used as example alternatives for 
evaluation included the PCES Pavement Distress Imager I, 
the Komatsu Automatic Pavement Distress Survey System , 
and a hypothetical system design. The results of the evalua
tions were that the Komatsu system is probably most appro
priate for small-scale, intensive, and detailed surface char
acterization activities. The PCES system would be most 
appropriate for surveying large networks to acquire condition 
information for simple network pavement management sys
tems. The hypothetical design should be appropriate for both 
those types of applications and more, depending on current 
need. 

In conclusion, a set of criteria has been developed and 
illustrated here that can be used to consistently evaluate 
pavement imaging systems. 

APPENDIX-PAVEMENT IMAGING SYSTEM 
ACTIONS 

This appendix considers each of the actions performed by a 
pavement imaging system in terms of hardware, software, and 
procedural elements. Only elements involving choices are dis
cussed in detail. For example, software for data storage is not 
discussed because it almost entirely depends on and is inte
grated into the type of storage device. The order in which the 
elements are considered for each action reflects the way design 
decisions are likely to be made. For example, data acquisition 
options for sensor hardware are described first, because this 
is the most fundamental choice . 

Data Acquisition 

Hardware for data acquisition includes the choice of sensor 
and illumination . Typical sensors include laser, video, 35-mm 
film, line scan camera , and slit integrator. Illumination may 
be natural or artificial. Artificial illumination can come from 
a variety of sources, such as single-frequency-band or high
candle lamps. Sensor and illumination hardware may be 
characterized in terms of the following attributes: 

•Motion blur-due to vehicle speed and sensor exposure 
duration; exposure duration can be reduced with intense 
lighting produced by artificial illumination. 

•Dynamic range-the range of combined surface lumi
nance and reflectance (real grey levels) that the sensor can 
detect. 

•Resolution-depends on type, positioning, and number 
of sensors; the higher the resolution per unit area, the greater 
the processing requirements. 

• Environmental conditioning-relates the external con
ditions that the sensor hardware can endure and the internal 
operating conditions (such as cooling) required. 

Sampling is the procedural element that determines the 
following characteristics of the data acquisition activity: 

• Scanning-its density per unit area directly affects 
processing requirements. 

• Overall surface coverage-different patterns that may be 
derived for local, project, and network level analysis also 
affect processing requirements . 
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Storage 

Devices store data in one or both of the following forms : 

•Analog-images may be stored as analog signals on video
tape or compact discs; they can then be played back for visual 
inspection or for digitization and processing; image addressing 
is possible on both these mediums, allowing the possibility of 
advanced feedback control methods for processing. 

•Digital-image data processed through to pavement con
dition index (PCI) data can be stored in digital format; image 
data are usually managed frame by frame in RAM, because 
it is impractical to store many frames of image data in digital 
format , even on magnetic tape or compact discs [one existing 
system (14) would require 400 MB of storage for 100 m of 
pavement image data]; therefore, digital storage in the form 
of RAM frame buffers and system memory is used to store 
image frames and intermediate processing results, whereas 
hard disc and magnetic tape devices are used to store general 
surface representations and final processing results. 

The storage hardware elements are characterized by the 
following attributes: 

•Reuse-although most storage media can be written to 
and read from many times , most compact discs are WORM 
(Write Once Read Many times) type devices; compact discs 
are also expensive, but their advantage is quick image 
addressing and access. 

• Access speed-pavement image processing systems require 
large amounts of RAM , because moving image data back and 
forth between a hard disc and RAM creates a data processing 
bottleneck , making real time or close to real time image 
analysis impossible. 

• Capacity-analog storage devices have tremendous capacity 
for image data and are used to store raw image data; hard 
disc and tapes can be used to store sample images and pro
cessing results; RAM is used for dynamic storage of image 
frames and process data. 

The processing sequence used for data storage has signif
icant impacts on other activities , such as the demands on 
memory and choice of memory device to meet those demands . 
For example, real time, on-board (a vehicle) processing will 
require large amounts of RAM for frame data, may not require 
any analog storage, and may require a common magnetic tape 
device for storage of survey results. 

Processing 

Several fundamental procedural choices affect the choices of 
hardware and software elements and the tradeoffs between 
these elements: 

• Real time processing-processing of raw sensor data at 
the rate that it is acquired (not necessarily at the same time); 
however, it does necessitate the use of special computing 
hardware . 

• On-board processing-processing of image data on the 
survey vehicle; advantages include immediate verification of 
results, and quick access for subsequent analysis; disadvan
tages include the necessity of real time processing, very little 
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flexibility of sampling and processing procedures, and com
mitment of hardware and software resources to restricted daily 
and annual use; of course, the data need not be fully processed 
on board, but this is the practice in current systems. 

• Office processing-processing of data in the office; the 
advantages include the necessity of less hardware because the 
computers can work 24 hours per day (including days that a 
survey vehicle would be in transit or on vacation), the require
ment of less robust hardware components, flexible sampling 
and processing, continuity between image data processing and 
pavement management software, and use of general com
puting resources for other purposes during off time; the dis
advantages include delayed and less reliable manual verifi
cation (from relatively low resolution video records), and the 
costs that bad data would incur. 

• Process control-represents the options for feedback 
control of image processing and depends on the choice of 
office-based or on-board processing and the sequence in which 
data are acquired, stored, and processed. For example, if the 
image data are stored on addressable video tape, a compu
tationally efficient sampler could move ahead of the main 
image prucessur in the image sequence and guide application 
of subsequent analysis; the result would be the potential for 
increased sophistication and reliability of analysis with less 
processing and therefore fewer hardware resources. 

These choices influence the nature and the required speed 
of processing and therefore necessitate the subsequent choice 
of processing hardware before software. 

Whereas general-purpose processors are required to some 
extent in any pavement imaging system, there is a direct 
tradeoff or exchange between dedicated or special-purpose 
processors and software. The special-purpose processors can 
implement functions in real time that would take magnitudes 
more time if implemented in a high-level language on a 
general-purpose processor. The cost of such processor hard
ware, however, is far higher than functionally equivalent soft
ware, but if the software is too slow, at a certain point, time 
costs and practical considerations outweigh the hardware costs. 
Dedicated and special purpose hardware can be configured 
in various ways such as multiprocessor, pipeline, and array 
architectures. 

• General-purpose processors-these include workstation 
computers and minicomputers that can be used to process raw 
image data, but are more often used for higher level analysis, 
and to control other hardware in the pavement imaging 
system. 

• Dedicated processors-these are computers designed to 
perform a limited range of tasks such as convolution pro
cessing or histogram computation and look-up table 
operations. 

•Special-purpose processors-these include computers 
designed to implement specific algorithms in hardware; they 
can be powerful but inflexible. 

Several choices have to be made with respect to the software 
implementation of the processing including the environment, 
design approach, algorithms, and control of the system, as 
follows: 

• Language- C and FORTRAN are usually used, because 
they are portable, and they provide high-level abstraction 
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capabilities while at the same time allowing hardware level 
control; also most software toolkits are written in these two 
languages. Although assembly code may be used for embed
ded system software, the software is much more portable if 
it is developed on a host system and cross compiled for the 
target processors; portability permits future hardware upgrades 
with minimal software development cost. 

• Design and mutability-software may be designed for 
specific hardware and for a specific purpose, or it may be 
designed to be easily modified as new hardware becomes 
available and new ideas emerge; the advantage of the former 
is usually speed of operation, whereas the advantage of the 
latter is flexibility, which can be important given the pace of 
technological advancement. 

•Algorithms-algorithms for pavement image analysis have 
been extensively treated in the literature (e.g., 5, 8, 13, 14, 
21, 22); they have been implemented in prototype and field 
systems. Many can be implemented in hardware or software, 
and they can be grouped into several distinct steps that can 
be combined and included or excluded in any number of ways, 
but usually in the approximate order of (a) image enhance
ment, (b) filtering, (c) data reduction, (d) feature extraction, 
( e) classification, (f) analysis, and (g) interpretation. 

•System control-treated as a separate issue, because it 
is unlikely that any system can treat all pavement types and 
combinations of surface distress equally without some sort of 
calibration; the calibration may include selected intensive 
analysis and manual intervention, and usually results in adjusted 
filtering and classification parameters. 

Reporting 

Procedural choices for reporting the results of data acquisition 
and processing include the selection of the level of aggregation 
of the results, the delay time, and format. The impacts of 
these decisions are as follows: 

•Level-network level analysis of pavement condition data 
is usually based on aggregate measures of section condition. 
Thus, a pavement imaging system should include the capa
bility of reporting some form of PCI for each section of road 
surveyed. Alternatively, at the project level, detailed surface 
characteristics over a particular section are reported. Project 
level reporting may be included in a pavement imaging system 
for a cost greater than that of network level reporting, because 
more memory, computing power, and software are required. 

•Delay time-~he choice of on-board or office-based pro
cessing is only one factor affecting the choice of delay time 
between pavement data acquisition and reporting of analysis 
results; other factors include organizational procedure, which 
may allow a significant delay time; significant allowable delay 
time may create feasible conditions for cheaper office based 
processing. 

•Format-a flexible reporting format may be included at 
some extra cost. 

Software is required to implement the procedural elements 
listed as well as the following system options, if they are 
included: 

•Data base integration-the imaging system software may 
be directly linked with a pavement condition data base to 
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enable data selection options for inspection and reporting, 
and for vertical integration with pavement management 
systems. 

•Graphics-it is possible to represent pavement surface 
distress information at various levels of aggregation and in 
various formats for reporting purposes. 

Output devices such as printers, plotters, and display screens, 
and computer hardware to provide access to the results have 
to be selected. A wide variety of off-the-shelf and special
purpose hardware is available. 

Use 

The intended use of the pavement imaging system's surface 
condition assessment reports imposes criteria and constraints 
on the other elements of the system. 

• Maintenance selection and project level design-inte
grated with other condition data, the system output could be 
used by an automated pavement maintenance selection sys
tem, or for project level design once maintenance or reha
bilitation action has been selected; of course, project level 
reporting is required. 

• Resource allocation-the detail and significance of the 
condition data produced (surface distress) by a pavement 
imaging system may make accurate resource allocation pos
sible; again, project level reporting capability is required. 

• Deterioration modeling-detailed surface distress data 
along with other condition data may facilitate more accurate 
deterioration modeling; project level reporting is required . 

•Network level pavement management-network level 
reporting is required. 

•Maintenance operation-real time control is required. 
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