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ABSTRACT

In recent years, pavement maintenance has become an area of major expenditure for
many highway agencies. Making good maintenance decisions requires years of praclical
exgerience and judgement. Deciding on the best maintenance strategy is largely a
subjective problem mainly because the benefits of a particular lype of maintenance have
not been quantified. Hence the problem does not lend itself to a Iraditional economic
analysis where benefits and costs can be explicitly considered. As a resull, the field
seems perfectly suitable for an expert system application.

Only four systems in flexible pavement and one system in rigid pavemenl were
reported in the literalure, namely, PARADIGM, PRESERVER, ROSE, ERASME, and
Concrete Pavement Evaluation. These systems are limited in their application to

particular jurisdicti and i iti The only three systems which

consider routine maintenance are PRESERVER, ROSE and ERASME. PRESERVER runs
only on a mainframe using the specially developed expert system programming
environment OPS5. ROSE is a knowledge-based computer program intended for selecting
and recommending routing and sealing of cracks only. ERASME is of limited scope and
applicable only to pavements in France. Therefore, il is essential to develop an expert
system program to facilitate pavement maintenance decision making in Newfoundland.
This thesis describes the development of the Pavement Maintenance Advisory
System (PMAS). It involves two areas of study. The first area is the process of
knowledge acquisition. Knowledge was acquired for PMAS both from formal documents,

documented case studies and from interviews with experts from the Newfoundland



Department of Works, Services and Transportation. The interaction with the experts
was invaluable and their expertise, which was not available in any literature, was
encoded in the system.

The second area of this study is the development of a computer program for

selecling the ( i ies in regions. The system
uses input including the type of distress, surface condition (severity and density),
traffic volume, Riding Comfort Index, climate condition and outputs maintenance
strategies with expected repalr life in years as well as the associated total and unit cost
of equipment, labors and materials. The cost comparison for the recommended
maintenance strategies does not affect the internal decision making of the program. This
feature simply allows the user to evaluate other maintenance options in case particular
materials, laborers and equipment are available. The system is developed using two
expert system shells; Exsys Professional on IBM-PC and compatibles and Instant Expert
Plus on Apple Macintosh. PMAS utilizes backward chaining mechanisms to arrive at a

conclusion. Confidence factors were introduced to indicate expert opinion on the

suitability of the i i i The { system was
successfully tested by the experts through nine test case studies. PMAS can serve as a
training tool for engineers who do not have much experience in selecting routine

pavement maintenance strategies.
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Chapter 1

Introduction

One of the pressing problems facing the nation is the condition of its roadway
infrastructure. In 1989, the total value of highway (roads and streets) construction
was $6.2 billion which represented 5.8% of the total value of construction in Canada. At
the same time, the total value of highway construction repairs was $1.56 billion, which
represented 25.4% of the total value of highway construction [Statistics Canada
Catalogue, 1989]. As the infrastructure ages, this expendituro is expected to rise
further. Hence, pavement maintenance is becoming a major area of importance for
highway agencies across North America.

Numerous studies have attempted to address pavement maintenance and pavement
distresses. Selecting maintenance strategies is based on years of practical experience,
however, often maintenance decisions are made by engineers who have limited practical
experience [Ritchie, 1987]. Some forms of asphalt concrete distress, for example, can
be prevented or delayed by using a good maintenance sirategy [Brown, 1988].

Deciding on the best maintenance strategy is largely a subjective problem mainly
because the benefits of a particular type of maintenance have not been quantified [SHRP,
1986]. Hence the problem does not lend itself to a traditional economic analysis where
benefits and costs can be explicitly considered. As a result, the field seems perfectly

suitable for an expert system application.



Expert systems, known also as knowledge-based systems, have been used as the

means of ying pavement mai gained through research and field
experience [Lemley, 1985]. An expert system is defined as an interactive computer
program which documents judgement, exparience, intuition and other information in
order to provide knowledgeable advice [Gasching et al., 1981]. Knowledge is classified
into public and private [Allez et al., 1988). Public knowledge consists of information
available through published literature (i.e., books, journals, etc.). Private knowledge,
on the other hand, is possessed by human experts and it is gained through years of
practical experience. By combining these two broad categories of knowledge, expert
systems provide a logical approach for solving pavement maintenance problems.
Computers are essential tools for many of the pavement management aclivities
(e.g., design, planning etc.). These activities are usually well defined and have known
procedural algorithms such as pavement design and highway alignment. Many problems
in pavement engineering lack explicit mathematical solutions, so conventional computer
tools are of limited use. These type of problems are considered a suitable candidate for
an expert system solution. The development of such a system for Newfoundland is
considered desirable in order to:
1 Facilitate the decision making process with regard to flexible pavement

maintenance because similar existing systems that have been developed and

used in other ions (e.g. Ontario, California and Texas) are
not applicable to weather conditions and types of mait used.

2 Provide portable experience in remote areas of the province.
3 Encode the private knowledge on pavement maintenance in an organized manner

which is not available in the literature.
4 Serve as a training tool for engineers who do not have much experience in

selecting pavement maintenance strategies.



1.1 Objectives

The objective of ihis study is three-fold. The first objective is to collect a body
of knowledge related to flexible pavement maintenance strategies, for the three types of
most serlous distress problems in Newfoundland namely rutting, alligator cracking and
transverse cracking [Sellers, 1991., McCarthy, 1985., Tam and Lynch, 1986]. The
second objective is to develop a rational approach for modeling the decision making
process of pavement maintenance strategles selection. The third objective is to develop a
computer tool (i.e., expert system) which will provide expert advice on pavement
maintenance strategies. This computer program will model and facilitate the decision-

making process by encoding pavement maintenance knowledge.

1.2 Organization of thesis

This thesis is organized into six chapters. Chapter one introduces the problem
and elaborates on the research objectives. Chapter two describes basic concepts and
components of expert systems. This chapter also provides the advantages and the
limitations of expert systems. Chapter three reviews known expert systems developed
for pavement maintenance, and identifies major pavement distresses and the alternative
maintenance treatments. Chapter four describes the methodology and the process of
knowledge acquisition. Chapter five explains the procedure that was followed to develop
the expert advisory system for flexible pavement maintenance. Finally, chapter six

includes summary and conclusions.



{

Chapter 2
Expert System Concepts

Separate groups of British and American scientists led the development of the

digital computer. In spite of the fact that computers were built as numerical tools, a

small group of computer scientists linued to pursue the ication of in

manipulating non-numerical problems [Fenves,1986]. Over the years, scientists,

with symbolic and human probl: lving have formed the
interdisciplinary subfield of computer science called artificial intelligence (Al). Al
includes algorithms that provide answers by attempting to model human reasoning. Al

evolved as a branch of computer science, parallel to other branches dealing with

data perating systems and numerical algorithms [Fenves,
1986]. The collection of Al techniques that enable computers to help people lo evaluate
problems and make decisions are the basis of knowledge-based or expert systems.

Al programs can be subdivided into three relatively independent categories. The
first category of Al is concerned primarily with developing computer programs that can
read, speak, or understand spoken languages. This area is generally referred to as
natural language processing. The second category of Al is concerned with developing
intelligent robots. Scientists are particularly concerned with how to develop visual and
tactile programs that will allow robots to observe and respond to the changes in their

surroundings. A third category of Al is concerned with developing programs that use



symbolic knowledge to simulate the behavior of human experts, called expert systems
(ES).

ES are being developed to assist in complex planning and scheduling tasks, to
diagnose diseases, 1o locate mineral deposits, to configure complex computer hardware
and to aid mechanics in troubleshooting engine problems [Harmon and King, 1985].

As recently as 1980, ES research was still confined to a few university research
laboratories. Today, the United States, Japan and the European Economic Community
have initiated major research programs to develop and implement expert systems
[Fenves, 1986). A glossary of expert system terminology used in this chapter is

presented in Appendix A.

2.1 Definition of Expert Systems
Many researchers have defined the term "Expert Systems.” Among some of the

most common definitions are:

"Expert system is a computing system capable of representing and

about some ich domain,” [Peter, 1986].
2 "Expert systems are i computer
judgment, experience, rules of thumb and other expertise to provide
knowledgeable advice about a variety of tasks," [Gasching et al., 1981).
3 "A tool which has the capability to problem specific
and use domain knowledge intelligently to suggest alternate paths of
action," [Kumara et al., 1989).
4 "An intelligent computer program that uses knowledge and inference

procedures to solve problems that are difficult enough to require human

expertise for their solution," [Barr and Feigenbaum, 1982].



Expert systems are successfully used when the problem needs subjective
reasoning for its solution [Davis and Lenat, 1980]. This feature was expressed in the
first definition as "knoweledge-rich domain.” The following section will demonsirate
some other features of expert systems and compare them with conventional

programming.

2.2 Conventional Programming Versus Knowledge
Based Programming
Conventional programming systems are best suited 1o collect and process large
volumes of data. They process this data by means of numerical algorithms.
Knowledge based systems are significantly different. They are highly interactive.
A user can stop the processing at any time, and ask why an individual line of questioning
is being persuaded or how a particular conclusion was reached. The single feature which

distinguishes expert system programs from traditional ones is the separation of the

control system from its base. Ci i such as
FORTRAN and BASIC, the control system and the database are integral parts of the
program [Hall and Sporkin, 1986). The main differences between an expert system and
a conventional program are:

1 "The knowledge base of an expert system is readable, easy lo change and highly
interactive,” [Maher, 1987].

2 "Conventional programs tend to depend on algorithms to provide their overall
structure, whereas knowledge systems tend to depend on expertise for their
structure,” [Harmon and King, 1985].

3 "The job accomplished by an expert system was formerly performed by a
knowledgeable human specialist," [Townsend and Feucht, 1986].

4 "Knowledge engineers and experts maintain knowledge systems. Conventional

programs are maintained by programmers,” [Harmon and King, 1985). Knowledge

6



i both on the of software for expert systems and
on the analysis of ways in which human experts answer problems. Knowledge
engineers interact with human experts to help them document their knowledge and
provide the inference strategies, in terms that will allow the knowledge fo be
encoded [Harmon and King, 1985].

Expert system technology is not radical at all. It is simply an extension of basic
computer science principles to new levels of sophistication. Expert systems address

problems that normally require the expertise of a human specialist.

2.3 Components of Expert Systems

The structure of an expert system consists of five basic components shown in
Figure 2.1: a rulebase or knowledge base, a working memory or data base, an inference
engine, a knowledge acquisition module and an explanatory interface. These components
are described next.

2.3.1 The or K ledge-B

The knowledge base contains a large amount of knowledge in the form of rules.
Each rule contains two parts. The first part, called the premise (IF), consists of
conditions linked together by AND. The second part is the THEN part consisting of one or
more conclusions or actions. That is, IF <situation or condition> and THEN <conclusions
or actions>.

The knowledge of an expert system consists of facts and expertise about a specific
domain. The facts constitute a body of information that is widely shared, publicly
available and generally agreed upon by experts in that field (declarative knowledge). On
the other hand, expert knowledge is mostly private, made up of objective rules of
judgment that characterize expert-level decision making (procedural or expert

knowledge).
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Figure 2.1: Components of Expert Systems [Townsend and Feucht, 1986]



Rules can represent either a fact or a decision. For example, extensive density of
pavement distress is a fact that can be expressed in a declarative rule form as foliows.
1F : The distress affected more than 30% of a pavement section
THEN : The densily is extensive

Procedural rules, based on experience, are rules which relate the selection of a
pavement maintenance strategy fo a set of conditions. For example the following rule
concluded in a decision to use hot or cold mix patching.
: The distress observed is single distress

The type of distress observed is rutting

The repair is needed this season

-

The severity of rutting is severe

and The density of the distress is few

and The climate is coastal

THEN

Hot mix patching, the expected repair life is three years

Cold mix patching, the expected repair life is two years

2.3.2 Working Memory or Data Base

The most basic function of the working memory is to contain a large amount of
data usually in the form of values (user input). The data stored in working memory are
dynamic and change for each consultation or computer run. The working memory
functions as a temporary memory to store values for the consultation under

consideration [Hall and Sporkin, 1986].

2.3.3 Inference Engine
The inference engine contains a control structure that uses input data, and

attempts to search through the knowledge base to reach a conclusion. The control
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structure first examines the existing data in the working memory and the rules in the
rulebase and then decides in which order the rules are to be "fired”. If the premise (IF
part) is true, the resulting conclusion (THEN part) must be true. The control
component contains four functions namely, matching, selection, firing, and action. For
example, in each run, the existing rules are scanned to see which ones have premises
that match the known facts in the working memory. The rule is then fired, with the
conclusion added to the working memory. In some systems the inference engine works in
a "forward” process using the data in the memory to reach a conclusion. In other
systems, the inference engine works in a "backward” process, trying first one
conclusion and then anothers until it can find supporting facts for a particular
conclusion [Townsend and Feucht, 1986]. The functions of these processes will be

explained in detail in Section 2.4.

2.3.4 Knowledge Acquisition Module
The purpose of this component is to assist the procedure of entering the

into the base. This acts as an editor for entering the

rules to the rulebase, modifying existing rules, and saving the rules in the rulebase in a

form that can be used by the inference engine, [Townsend and Feuchl, 1986).

2.3.5 The Explanatory Interface

The component of the knowledge system that explains how the conclusion is
reached is the explanatory interface. The explanatory interface provides a user friendly
interface between the user and the machine. One of the basic features of any explanalory
interface is its ability to respond to questions like "Why" and "How." Some systems
explain "How" they reached certain conclusions, by displaying the fired rules in a
sequential manner. This facility also allows the system to present information in a

readable form.



2.4 Control Strategies

Control strategy is the part of the inference engine that decides the sequence in
which the rules are examined and fired. Forward or backward reasoning control
slrategies are usually used in the development of expert systems.

In a forward reasoning strategy, the inference engine starts with the facts, and
tries to reach a conclusion by going to the rules in the working memory and looking for
similar facts in which a conclusion has already been formulated. The rules in forward
reasoning are of the form, "IF conditions THEN conclusions”. A forward reasoning
strategy is generally practical in circumstances where there are many solutions and few
inpul data or facts (e.g., diagnostic system).

In a backward reasoning strategy, the inference engine starls with the conclusion
and tries to find a fact which would support this conclusion from the working memory.
The rules are of the form "IF conclusion THEN condition.” A backward reasoning strategy

is usually used in circumstances where there are few conclusions and many input facts.

2.5 Knowledge Representation
Humans possess knowledge in a variety of forms. Several attempls have been
made to simulate how knowledge is represented in the human brain. Some of the most

popular schemes are di in the following sections.

There are several other representation schemes which are beyond the scope of this
thesis such as object oriented representation and blackboard systems [Townsend and

Feucht, 1986].

2.5.1 Semantic Networks
Semantic networks attempt to describe the word in terms of objects (nodes) and
links relations (labelled edges). According to a semantic network representation, the

knowledge is a collection of objects and associations represented as a labelled directional

11
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graph [Harmon and King, 1985]. The nodes are represented by a labelled boxes. The
links between the circles represent relationships between nodes. Figure 2.2 depicls the
structure of a semantic network. Semantic networks are easily understandable, but
difficult to implement. For example, one fact or rule can be represented by a big
number of nodes and links. As a resull, large knowledge base will be difficult to develop

and manage.

252 Frames

A frame is a data structure for representing a typical situation arranged in slots
and filler format. The slots store knowledge such as type, cause and maintenance
strategy for each distress. Slots can be used to store values, procedures or rules. The
fillers are the accompanying explanation of the slots [Kumara et al., 1989]. Figure 2.3
gives an example of the structure of a frame. A frame is similar to a semantic network;
the main difference is that the nodes in a semantic network represent simple ideas,

whereas the slots in a frame siructure represent compound concepls.

2,53 Knowledge Representation with Rules

Rule based systems are the most widely used representation schemes [Maher,
1987, Townsend et al., 1986, ESCAD, 1986]. In a rule based system, commonly
referred to as a production system, the complete knowledge base is programmed in an

IF-THEN rule format. There are two types of rules used to represent knowledge. The

first type of rule is referred to as ive" which exp facts and

about the problem. Declarative rules are used to represent stalic knowledge. If the fact
is true then the conclusion is true. The second type of rule is referred to as
“procedural®. In procedural rules, the left hand side of the rule is called the "condition”
and the right hand side is called the "action”. Using the procedural rules, the action part

of the rule may be achieved whenever the condition part is true [Kumara et al., 1989].

12
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Name of distress: Rutting

Slots
Type Single distress
Cause
Traffic action, Unstable granular bases
Severity Slight, Moderate, Severe
Density Few, Extensive
Treatments| Hot mix patch, Cold mix patch

Figure 2.3: Example for Frame Representation

Fillers



2.6 Languages and Tools for Building Expert
Systems
Knowledge systems cari be written using almost any type of computer language. A
number of specialized languages are presently available for building expert systems.
These languages can be classified into three categories, namely, Artificial Intelligence

Programs, F i i L and Based Engineering

Tools [Townsend and Feucht, 1986, Harmon and King, 1285].

Aificial intelligence programs commonly use high-level specialized languages
such as LISP (list processing) and PROLOG (programming in logic). PROLOG contains
features that facilitate the writing of programs which manipulate logical expressions.

PROLOG is one of the most widely used i for ES p

[Frederic, 1983]. Al languages provide maximum flexibility, but it is difficult to

develop a protolype because the programmer has to develop the inference component.

The i i are prog| ing P

for i i They are much less flexible than Al languages
because they have a predesigned inference engine. OPSS5 and KEE are examples of
programming environment languages [Harmon and King, 1985).

Knowledge based engineering tools provide the expert system builder with an
inference engine, from which the application can be built by adding domain specific
knowledge. Expert system shells fall under this category. An expert system shell is a
fully developed expert system with its knowledge base removed. It contains a variety of

user friendly modules to assist with the input of the knowledge base.

2.7 Who is the Expert?
The expert has developed the ability to organize a large amount of information in
a particular area. A typical expert in a specific field will know 50,000 to 100,000

pieces of information, that can be applied to decisions in his/her specific domain of

L5



expertise. The accumulation and indexing of this much data in the human mind takes

between 10 and 20 years [Townsend and Feucht, 1986].

2.8 Expert Systems Classifications
A useful guideline for classifying expert systems in ferms of performance and
utility is the level of expert system evaluation and development. Six levels were defined

by Waterman [Waterman, 1986]. These are:

Conceptual prototype: These systems are at an early stage of development and

represent conceptual or preliminary designs for expen systems.

[N

Demonstration prototype: These systems are also in relatively early stages of

development. They have reached the stage of a working prolotype.

@

Research prototype: These systems address the entire problem undertaken,
displaying credible performance, but have not been substantially validated or

refined.

rs

Field or operational prototype: These systems display good performance, with

adequate reliability, and have been revised by extensive testing.

@

Production Models: These are expert systems that exhibit high quality, reliability,

speed and efficient performance.

o

Commercial systems: These systems are production models that are used on regular

commercial basis.

2.9 Expert Systems Limitations

Expert systems are limited by the information in their databases and by the
nature of the process for inputting that information. Expert syslems can not report
conclusions that are not already implicit in their databases. Large databases are likely
to be difficult to modify and to maintain. As a result, expert systems are more

appropriate to narrow domains of expertise [Denning, 1986]. Bruce Buchanan of

16



Stanford University's Heuristic Programming Project and Randy Davis of the

Massachusetts Institute of T 's Artificial ig Laboratory in C
have pointed out limitations on expert systems [Gevarter, 1983]. Among them are:
1 Narrow domain of expertise. Building and maintaining a large knowledge base is
difficult; only a few expert systems cover a significant range of knowledge.

Limited knowledge-representation language for facts and their relation. Certain

o

types of those without iate IF-THEN

can be quite difficult to represent efficiently in current knowledge-representation

languages.

@

Relatively stylized languages for input and output. Users must describe problems

in a strictly defined language.

2.10 Summary

In this chapter the essential concepts and key words have been discussed, and the
basic concepts of expert systems have been explained. The knowledge of an expert
system consists of facts and expertise about a specific domain. The working memory
contains a large amount of data. The inference engine consists of two components,
namely, inference and control. The knowledge acquisition module acts as an editor for
entering the rules. The explanatory interface provides a friendly interaction between
the user and the machine. Some methods of representing knowledge and the limitation of
expert system have been presented. The following chapters will describe the

development of a prototype system in detail and should clarify the concepts.



Chapter 3
Literature Review

This chapter summarizes the current operational prototype systems in the area

of pi i The ion of their lications and limitations are
addressed. This chapter also provides the background of pavement dislresses and

maintenance strategies in detail.

3.1 Review of Pavement Maintenance Expert

Systems

Little work has been reported in the literature with regard to expert system
applications in the flexible pavement area. There are no expert systems known to have
reached the commercial level of development. The majority of the recently developed
systems are demonstration and research protolypes [Che-l Yeh et al., 1987].

A computer search at the Queen Elizabeth Il Library at Memorial University of
Newfoundiand revealed four expert systems dealing with flexible pavements, namely,
PARADIGM, PRESERVER, ROSE and ERASME and one system dealing with rigid pavements

namely, Concrete Pavement Evaluation.
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5 Traffic levels (800 veh/lane or less, between 800-4000 veh/lane and more than
4000 veh/lane)

6  Climate (marine dominance and high solar radiation).

3.1.1.2 OVERDRIVE

OVERDRIVE (OVERIlay Design heuristic adVisEr) Is an expert system for the
design of flexible asphalt concrete overlays on flexible pavements. The system is
applicable to existing pavement slructures containing up to three pavement layers,
excluding the subgrade. OVERDRIVE is rule-based and uses a forward chaining inference
method. The system has been developed using the Exsys expert system software package.
The system contains about one hundred eighty rules. The knowledge-base of OVERDRIVE
is the result of knowledge engineering efforts with a pavement specialist combined with
a synthesis of slate-of-the-art reports, papers and manuals mainly, lhe Asphalt
Institute Thickness Design-Asphalt Pavements for Highways [Ritchie and Mahoney,
1989]. OVERDRIVE delermines two design parameters, namely the subgrade modulus
and the design traffic loading {number of equivalent single axle loads). It allows the
user to utilize default parameter values for design purposes when actual values are not
available. The full depth design thickness is found by interfacing the knowledge base to
an external Pascal program which contains the Asphalt Institute Design Curves [Ritchie,
1987]. An effective thickness analysis requires knowledge of the following pieces of
input:
1 Number of existing layers
2 Thickness of each layer
3 Layer material type
4 Layer condition
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This input can be obtained from construction or survey records, or by limited
sampling and testing of in-place materials. The system presents one of the following
three outputs:

1 The existing pavement section is not structurally adequate and an overlay is
required to provide greater structural capacity. The thickness of asphalt concrete
overlay required is approximately 3 inches.

2  The existing pavement section is structurally adequate and no overlay is required.

3 The severity of rulting is such that reconstruction, or milling and overlay, of the
existing pavement section is required. Determination of the required overlay
thickness in this case is beyond the scope of this prototype. This conclusion is

output only when the rut depth is over 1.5 inches.

3.1.1.3  Network Optimization
This module describes how the project-level results from the rehabilitation

model can be used for network-level pavement The problem involves

selecting the optimal set of i for a p: network. This

problem can be formulated as an integer program with binary decision variables.

Network i is by an external pi ing in C language. The

input data includes segment strategy i ificatic ion cost and
net present value. The output of the program is a list of pavement sections and the
proposed rehabilitation strategies that would be part of the optimal solution for the

project to be constructed in the coming year {Ritchie et al., 1990].

3.2 PRESERVER
PRESERVER is a knowledge based system which recommends the single most cost
effective maintenance treatment action for each pavement project. The system uses

maintenance treatment actions designed for Ontario road conditions. The system
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ped using OPSS rep! language on a VAX mainframe. OPS5 is a
programming language for producing rule-based systems. OPSS5 Is a useful development
environment because of the flexibility built in the control structure. The default control
strategy for OPS5 is forward chaining. If a more complex control strategy, such as
backward chaining is desired, it can be implemented by the knowledge engineer. The
control is illustrated in Figure 3.1 which directly represents the main flow of
operation, and symbolically introduces the control strategy within each main step.
PRESERVER knowledge base is limited to those considered by the Pavement
Maintenance Guidelines manual of the Ontario Ministry of Transportation and
Communications. This manual was the principal source of knowledge for PRESERVER.
Rules have been implemented for three distress conditions:
1 Alligator cracking
2 Progressive edge cracking
3  Distortion (frost related bump)

An example of one of these rules, (expressed in English), is:

IF: there is a distortion distress with moderate severity which is local or
general.

THEN: consider using cold mix patching treatment

®R consider using hot mix patching treatment

PRESERVER begins by asking the user for information concerning the section of
road and the distress types that have been observed. It then generates a set of feasible
treatments for each distress condition. The equivalent annual cost of each treatment is
then calculated. The calculations require some input from the user, such as the

estimated number of tons of cold mix required, if cold mix patching is considered as an
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Figure 3.1: Control Structure of PRESERVER [Haas and Shen, 1989]
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alternative. The best treatment is selected on the basis of the lowest equivalent annual
cost. Running the system has illustrated its ability to handle different combinations of

distrass conditions and treatments {Haas and Shen, 1989).

3.3 ROSE

ROSE is a knowledge-based computer program intended for recommending
routing and sealing (R&S) of asphalt concrete in cold areas. The system recommendation
was given as a desirability of routing and sealing on a scale from 0 to 10.

ROSE was designed specifically for Onlario Ministry of Transportation (MTO) and
it is not advised to be used in any other jurisdictions [Hajek et al., 1986]. The
knowledge was acquired by interviewing one MTO research engineer, and by consulting

two other MTO experts. ROSE contains about 360 rules that incorporate 26 numeric

variables, including p of p it crack lype, pavement
saerviceability and pavement structure.
ROSE was developed to operate in two different modes as follows:
1 An Interactive mode using Exsys, an expert system shell. The system queries the
user for required input data and it is designed to process one pavement section at a

time.

»

An automatic mode implemented in FORTRAN and designed to interact only with
other computer files and programs, which is able to process many sections at the
same time.

The interactive and the automatic versions of ROSE use identical knowledge bases,
input data and decision logic.
The overall architecture of the two operating modes {the interactive and the

automatic) is shown in Figure 3.2.
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Figure 3.2: Overall Architecture of ROSE [Hajek et al., 1986)
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ROSE is an operational prototype. The system has been tested on a number of

different problems.  An ic version of ROSE was

successfully applied to about 900 pavement sections representing 7200 km of highway.

3.4 ERASME

In France, an effort was made to use artificial intelligence techniques to facilitate
decision making of road maintenance and to make it available to various government
agencies. ERASME is an expert system for pavement maintenance developed by Allez,
Dauzats, Puggelli and Joubert [Allez et al., 1988]. The prototype included two hundred
and ten rules, and fifty decisions. Litlle published literature was found in English in
relation to ERASME; however, the authors indicated in their paper that their system is
similar to those developed in North America (SCEPTER, ROSE and PRESERVER) [Allez et
al., 1988].

ERASME's objective is to assist the user in selecting pavement maintenance and

rehabilitation sirategies, given the following parameters:

1 Deflection

2 Pavement structure

3 Nature and date of pavement repairs
4 Surface condition

ERASME performs two different functions: diagnostic and rehabilitative. The

first function assists i in ing the p: condition. The
informalion necessary to establish the diagnosis is gathered from data files or input
interactively by the user. The second function seeks successful techniques of
rehabilitation, the selection being linked to the initial diagnosis. Several alternatives
are generally proposed to the user. Each solution is evaluated in terms of service life,
costs and short-term serviceability [Allez et al., 1988]. The knowledge of ERASME was

derived from pavement laboratory specialists and pavement management engineers. This
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collaboration between pavement engineers enhanced the quality of the encoded knowledge.
About ten experts were involved in the system development. Some experts have used
ERASME's successive protolypes to validate, criticize, and develop the encoded knowledge
base [Allez et al., 1988].

3.5 Concrete Pavement Evaluation

The system was developed by Kathleen T. Hall, Michale I. Darter, Samuel H.
Carpenter and James M. Cornor in the Department of Civil Engineering at the University
of lllinois at Urbana-Champaign [Hall et al., 1987]. This demonstration prototype
system has been developed to assist state highway engineers in evaluating concrele
highway pavements. The system uses information collected by the engineer to determine
what mechanisms have caused the distresses present in the pavement, so that the
rehabilitation techniques that would be most effective in repairing the distresses and
preventing their recurrence can be identified. The system has been developed for use on
an 1BM-compatible personal computer using the rule-based Insight 2+ expert system
shell.

Two knowledgeable and experienced pavement engineers, encompassed all aspecls
of concrete pavement expertise, were involved in the development of this evaluation
procedure. The scope of the system was limited to jointed, reinforced, concrete

pavement (JRCP), although adaptation of the procedures for jointed plain and

concrete is also rep ly underway.
The experts identified 12 problem areas that they felt must be considered in an
evaluation of a JRCP:
1 Structural capacity
2 Drainage
3 Foundation stability

4 Roughness
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5 Concrete durability

6 Skid resistance
7 Transverse joint condition l
8 L inal and joint i
9 Load transfer

10 Slab support
1 Joint sealant reservoir design
12 Shoulder condition
The factors that were identified as important were summarized in a project
survey for JRCP. The project survey consisted of two parts: inventory data and
monitoring data. These include:
= Climate
- Thickness design
- Layer materials
& Joint design and constriction
- Shoulder design and construction
- Traffic
- Ride quality
- Cracking and corner breaks
- Transverse and longitudinal joint condition
4 Setllzments and heaves
- Drainage conditions
- Pumping and faulting
= Concrete surface condition
# Joint sealant condition

- Concrete durability
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- Previous repair
- Shoulder condition

All of the recommended conclusions state as a minimum whether or nol a
deficiency is indicated by the data and, if so, what factors were significant in reaching
this decision. The following conclusion from the drainage decision tree is an example:

A drainage deficiency is indicated by a wet climate, absence or poor functioning of

and a fine-grained soil base.

3.6 Comparison Between the Existing Systems
Comparative analysis of the existing expert systems in maintenance and

rehabilitation for flexible and rigid pavements is presented in Table 3.1. Four of the

five existing systems were ped for flexible p: , , SCEPTRE,
ERASME and ROSE. Concrete Pavement Evaluation, was developed to evaluate the
condition of rigid pavements. Four of the five systems run on microcomputer and use
expert system shell for their development. SCEPTRE and ROSE used Exsys, ERASME used
a French shell and Concrete Pavement Evaluation used the Insight 2+ shell. PRESERVER

runs only on a mainframe using the specially expert system p

environment OPS5. PRESERVER Is the only system that needs prior experience in OPS5.
All the systems but PRESERVER utilize backward chaining to reach a conclusion because
there are few conclusions and many conditions. The inference engine in PRESERVER uses
forward chaining to reach a conclusion because OPSS is limited by its default forward

chaining control system. All systems considered specific pavement distresses which are

to be the most damaging in their areas of i SCEPTRE
rehabilitation strategies for alligator cracking, longitudinal cracking, transverse
cracking and rutting. PRESERVER recommends the single most effective maintenance
treatment for alligator cracking, progressive edge cracking and distortion. ROSE

recommendations are given as the desirability of routing and sealing for all cracks
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able 3.1:
Comparison Between Expert Systems
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nece: necessary

smmw-l ey,
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- Cost distrase . Pavement siucwra| repalr (eleven factors)
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05
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Transport
Siage of Development
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except alligator cracking. Concrete Pavement Evaluation output is limited in whether or
not a deticiency is presented in the concrete pavement sections.

SCEPTRE, ROSE, ERASME and Concrete Pavement Evaluation, incorporate experts
advice acquired by interviewing experts from the field as source of its knowledge.
PRESERVER used pavement maintenance guidelines, developed for Ontario Ministry of
Transportation, as the source of its knowledge.

None of the existing systems reached a commercial system level. They are either

or field SCEPTRE, ROSE and PRESERVER are field

prototypes because they have been tested on a number of test cases. ERASME and

Concrete Pa n ion are & { because they have not been

substantially tested.

3.7 Limitations of the Existing Systems for Flexible
Pavement
Each of the existing system was developed to be applied to a particular area under

specific climatic conditions and specific distress and maintenance types. None of the

existing systems for flexible p: is i to climate or
maintenance activities. The following listing provides a summary of the existing
systems limitations which include limitations in their data bases and the development
environments:

1 The existing systems dealt with particular local conditions which limit their
use to those areas. Local conditions include weather, prevailing distress and
maintenance type. For example, SCEPTRE was developed for a marine
environment and high solar radiation climate to serve Stale of the Washington.
Also, ROSE developers stated that the system was designed specifically for
Ontario Ministry of Transportation and direct application of ROSE in other

jurisdiction is not advisable [Hajek et al., 1986}.
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The above mentioned limitations suggest the need to develop a new system more

o ditic

3.8 Review of Pavement Distress and Maintenance
Existing expert systems for flexible and rigid pavement maintenance were

covered in sections 3.1 to 3.7. Another two areas of concermn become apparent when one

reads through the literature. These two, pavement distress and pavement maintenance

strategies, are defined next in more detail.

3.8.1 Distress

Distress is defined as the condition of a pavement structure that reduces
serviceability or leads to a reduction in serviceability [Thomas et al., 1978].
Serviceability has been defined by Carey and Irick as "the ability of a pavement to serve
the highway user" [Carey and Irick, 1960]. Extensive research has been conducled to
identify and classify pavement distresses. At present, the Ontario Ministry of
Transportation defines fifteen types of distress and classifies them into three different

groups [Chong et al., 1982]:

1 Surface defects
2 Surface deformation
3 Cracking

Each of these groups is further classified into subgroups which will be explained

below. A summary of the different distresses is shown in Figure 3.3.

3.8.1.1 Surface defects
Surface defects are caused by a loss of any part of the asphalt concrete layers;
these reduce pavement performance substantially and increase the need for maintenance.

There are three subgroups of surface defects:
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rutting is more significant for highway pavements because of increased amount of
heavy axle load and increased tire pressures. It was found that poor mix stability
resulting from the use of mostly rounded aggregates and insufficient amount of
space between the aggregates known as VMA (Voids in Mineral Aggregate) is one
of the main causes of rutting [Tam and Lynch, 1986).

Rippling:

‘Rippling" i a regular in the surface of the

pavemenit which consists of closely spaced alternative valleys and crests, caused
by traffic actions. Rippling develops during periods when there are temperature
differentials between the surface and the bottom of the pavement [Chong et al.,
1982].

Shoving:

‘Shoving' describes a condition in which the asphalt surfacing is very uneven
because it has been moved away from the wheel tracks by the traffic. It has a

pattern similar to a wave in the longitudinal direction [Chong et al., 1989).

3.8.1.3 Cracking

Cracking occurs when stresses or strains due to any combination of material,

environmental, and loading characteristics exceed threshold limits. The most serious

problems of asphalt pavements today is transverse cracking and alligator cracking.

1

Transverse:

Cracks which follows a course approximately at right angles to the pavement
centre fine [Chong et al., 1982]. The use of asphalt cement with high
temperature suscepltibility produces severe transverse cracking. The use of
asphalt cement with low temperature susceptibility will reduce the frequency of

transverse cracking [Ruth et al., 1987).
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2 Alligator:
Cracks which form a network of multisided (polygon) blocks resembling the skin
of an alligator, and may occur anywhere on the pavement surface. Alligator
cracking is a consequence of the Inability of a part of the structure to support the
repeated loads. This is usually due to a "softening” of the material. Softening is
normally associated with an increase in moisture content. Ailigator failures
which are deep-seated in the subbase or base, are progressive. They tend to
spread rapidly, and traffic causes blocks of surfacing to be displaced and broken
up. The only successful remedial treatment is to remove all softened material in
the affected area and replace it with granular material. Alligator cracks which
are in the upper layers, normally appear in the very early spring. They do not

generally progress after warmer weather [Chong et al., 1982},

3 Longitudinal cracks:
Longitudinal cracks follow a course approximately parallel to the direction of
travel. They are situated at or near centre of the wheel tracks, centre line, mid-
lane, and wander from edge to edge of the pavement as meandering crack. They
are caused usually by overloaded vehicles, poor construction processes, and
environmental action (freezing and thawing) [Chong et al., 1982].

4 Pavement edge:

These type of cracks are longitudinal, and occur a foot or so from the edge of the
pavement. They usually develop when there is a lack of shoulder support. They
may also be caused by settlement of the material underlying the cracked area, due
to poor drainags, frost heave or shrinkage from drying out of the surrounding
earth. Cracks begin parallel to the pavement edge [Sargious, 1987].

5 Random (Mapping):
‘Random cracks' are interconnected cracks which form a series of large blocks,

run randomly along pavement surface, and appear to be a combination of

38



fransverse and longitudinal cracks which form a map [Sargious, 1987]. Random
cracks are usually caused by the swelling or shrinkage, frost action and aging of

asphaltic concrete [Chong et al., 1982].

L3

Slippage:

These are cresent-shaped cracks pointing in the direction of the thrust of wheels
on the pavement surface. Usually they are caused by the lack of a good bond
between the surface layer and the course beneath [Phang and Chong, 1982].

This thesis focuses on the types of distress that are of primary concern in
Newfoundland and that must be cons‘dered to improve road facility in the province. The
types of dislress which fall into that category are rutting, alligator cracking and

transverse cracking. These types of distress were chosen after conducting several

with p: i engineers in Dep: of Works Services and
Transportation and reading local studies, for example "The Cause of Rutling in

Newfoundland* [McCarthy, 1985].

3.8.2 Pavement Maintenance Strategies

To maintain the pavement within a tolerable level of serviceability, maintenance

action is taken to correct defi which are , and to repair

defects which may seriously affect the i ility of the p of
most asphall pavements involves repairing localized problem areas. This type of
maintenance is needed to prolong the pavement life and prevent rapid damage caused by
water penetration and other factors. The proper maintenance of any highway system
depends on the correct selection of a maintenance strategy which is appropriate for the
climate and other conditions of the area [Thomas et al., 1978 and Phang and Chong,

1982].
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Severity and density are two important factors that should be closely measured.
Severity is classed as being slight, moderate or severe; density from few to extensive for
each kind of distress.

Determining the best maintenance strategy starls by idenlifying the type,
severity, and density of distress. The decision to use a particular type of maintenance is
generally made by one or more provincial, federal, or local transportation officials.
These officials can be identified here as the decision makers. The problem they face is lo

what il would yield the most cost-effeclive result for a

defined pavement condition. The decision maker's first task is to identify the various
maintenance treatments that are available. The nine preventative and corrective

strategies listed below will be considered in this research:

1 Do nothing
2 Crack seal (Seal coating)
3 Rout and seal

4 Pothole patching

5 Cold mix patching

6 Hot mix patching

7 Hot mix recycled patching
8 Surface replacement

9 Reconsiruction

Each of these maintenance types is described below:

3.8.21 Crack seal (Seal coating)

When cracks occur in asphalt pavements, they must be sealed to prevent waler
infiltration and loss of load-carrying capacity. A number of materials are available for
sealing cracks. These materials include cutback asphalt, emulsified asphalt or

rubberized asphalt and joint sealing materials. On occasion, large cracks are sealed with
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sand-asphalt mixtures. If there are few cracks, it may be routed and sealed or left
unsealed. If there are many cracks, it is usually too expensive to rout and seal them. In
such cases the entire area may be sealed with a surface treatment, or overlay. Liquid
asphalt should not be painted on the surface over the crack. This does not seal the cracks
properly, and can cause a skid problem. This excess asphalt may also cause problems
when overlaying the existing pavement, and may cause slippage of the overlay when it is
rolled [Chong and Phang,1988]. There are two types of seal coating: chip seal and sand
seal. They differ primarily in the aggregale coating used in the seal coating operation.
Chip sealing consists of coating full-width roadway sections with a hot bituminous
material and covering it with different sizes of stone. The cover aggregate in sand seal is
sand rather than stone. Using sand seal in sealing cracks in roads in fair or good
condition will substantially prolong roads life. Sand seal was effective when applied to a
pavement surface with flushed asphalt. The chip seal was better suited to dried-out

pavements [Kieran et al., 1986].

3.8.2.2 Rout and seal

The rout and seal treatment is designed to seal asphalt concrete pavement cracks
to prevent water from entering and damaging the pavement structure. This is important
particularly for pavement in cold areas, which are subjected to the combinations of low
temperature and to the removal of snow in the winter with salt. Routing is used to open
up cracks to accommodate enough sealant to provide an effective seal, even after the
pavement crack opens due to contraction at low temperature during the winter months.
Dirt is then blown out with compressed air. The crack s dried with hot compressed air,
and sealed with liquid bituminous sealant. Sealing water-proofs the crack by bonding to
the pavement surface, and extending without fracture over the opened crack during the

critical winter period [Chong and Phang, 1988). The rout and seal procedure
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will only be successful if all moisture and dirt are removed from the crack and the

adjacent area prior to application of the sealant.

3.8.2.3 Pothole patching

Spot patching with premix is performed to provide the motoring public with
safe, smooth riding surface and to prevent rapid and progressive deterioration. Palching
with premix is a top priority activily in Newfoundland [Road Maintenance Standard,

1989]. Bituminous premix should be used for spot patching to correct ruts.

3.8.24 Cold mix patching

Cold mix patching involves placing and spreading premixed asphallic material
over surface defects, and compact it. Cold mix patching material was considered by all
the personnel who were inlerviewed, to be the poorest type of patching material because
of its short service life. The reason for short service life using cold patching is that the
conditions under which the cold mix is placed make it difficult for the patch 1o hold. Cold
mix is generally used in winter when no hot mix is available, and consequently is applied
during poor weather conditions when the road base is liable to be wet. The combination
of water and traffic loads can lead to early patch failure [Kieran et al., 1986] and

[Brown, 1988].

3.8.25 Hot mix patching

Hot mix patching involves placing and spreading of premixed asphaltic material
(hot mix) to surface defects, and compacting it. Hot mix patching consistently has the
highest estimate of effective service life [Kieran et al., 1986]. The reason is that the
material is usually of superior quality, and therefore is easier to place and compact than
other types of patching material. Moreover, hot mix is generally available only during

summer season because plant production is limited to that season.
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3.8.2.6 Hot mix recycled patching

Hot mix recycle patch is considered to be a good performer. The manual
procedure is to place and spread recycled asphalt material and compact it. Recycling
involves replacing of the pavement surface to a depth of less than one inch by heater-
planer, heater-scarifier, and surface milling devices. This operation may involve the
use of new materials, including aggregate, modifiers, and or mixtures. Several
recycling techniques can be identified based on the device used, and whether or not

additional aggregate is used in the process [Telimoye, 1979].

3.8.2.7 Surface replacement

This method involves removing badly damaged surfaces of paved roadway and
replacing them with premixed material. Surface replacement is used to correct heavy
alligator cracking. This activity is used to correct failures too large for repair by
r:atching. The use of motor grader for economical spreading and a roller for adequate
compaction is limited by the size of the area repaired and the quantity of premix used.
Failures caused by frost heaves or poor drainage conditions should. be corrected if

possible, before surface repairs are carried out.

3.8.2.8 Reconstruction and Do nothing

Reconstruction is an action taken both to regain high initial serviceability, and to
improve the operational level of service [Blum and Phang, 1981]. This strategy is used
when it is necessitaled by the severity and density distress conditions and no other
maintenance strategy can be applied. Do nothing is the case where severity and density
distress conditions are not of concern .

To compare the effects of each strategy, network level benefits have 1o be
calculated. To do this, one needs to know the expected repair life in years for each

strategy. In all cases, it is assumed that drainage and mandatory base repair are
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performed and that the surface friction requirement and structure capacity are salisfied.
No routine maintenance repair will be expected to have a long functional life without

satisfying these requirements [Kieran et al., 1986].

3.9 Summary

Little work has been reported in the literature with regard to expert syslem
application in pavement mainlenance area. A compuler search revealed four systems in
flexible pavement and one system in rigid pavement. These are: PARADIGM,
PRESERVER, ROSE, ERASME and Concrete Pavement Evaluation. PARADIGM (PAvement
Rehabilitation Analysis and DesIGn Mentor) consists of four modules, namely SCEPTRE,
OVERDRIVE, and two similar systems for utilizing project level information (Network
Optimization). SCEPTRE is an advisory ool for evalualing pavement surface condition

and i ilitati i OVERDRIVE is an expert system for the

design of flexible asphalt concrete overlay on flexible pavements. Network Optimization

describes how the project-level results from the rehabilitation model can be used for

twork-level pavement P isa based system which
recommends the single most cost effective maintenance treatment action. PRESERVER
was developed using OPS5 representation language on a VAX. ROSE is a knowledge-based
computer program intended for selecting and recommending routing and sealing of
cracks. ERASNVE is a tool for assisting pavement maintenance decision making. Concrele
Pavement Evaluation is another expert system developed lo assist state highway
engineers in evaluating concrele highway pavements.

This chapter also the iti and i i of

distresses. Pavement distresses are classified into three major calegories: Surface
defects, Surface deformation, and Cracking.

Literature search revealed nine maintenance strategies thal are used in

The proper mail of any highway system depends on the correct
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selection of a maintenance strategy which is appropriate for the climate and other

conditions of the area.
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Chapter 4

Methodology

The methodology for developing the expert system proposed here is divided into

three major stages:

Stage 1: Knowledge Acquisition
Stage 2: Prototype Development
Stage 3: System Development

The following sections describe the work involved in each stage.

4.1 Stage 1: Knowledge Acquisition
The process of knowledge acquisition begins by studying the problem at hand and
locating the sources of expertise. The purpose of this task was to gather and organize all

relevant and available literature, as well as contact and interview highway officials with

expertise in p: i This it ion was used to provide an overview
of present industry trends for pavement maintenance strategies. The end product of

was a ive set of rules, g ing the decisic king

in the pavement maintenance area. Typical steps in collecting and documenting the

knowledge base are described.
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4.1.1  Literature Search

An extensive literature search from books, journals and technical reports

related to pi i was to collect the knowledge which is
characterized as stable and well documented.
A computer search was made to survey the existing ES literature with regards to

pavement maintenance and rehabilitation.

4.1.2 Interviews

Interviews were conducted to extract the knowledge from selected experts. The
interviews were conducted with two experts from the Newfoundland Department of
Works, Services and Transportation. These interviews were conducted in several
meetings to assure completeness. The expert was first asked about the factors affecting
pavement maintenance decision-making. The expert was then given a copy of Table 4.1,

and was asked to ine the i i strategy, along with the

expecled repair life. A follow-up interview was conducted and the expert was given a

copy of the base which his (Table 4.1).

Additional feed0-back comments were recorded and added. During this meeting, an
altempt was made to acquire information from the expert about how he would solve the
problem, and what basic solution strategies the expert would utilize. These facts and
strategies were the foundation of the knowledge base.

The factors provided in Table 4.1 were the result of the literature review on
the factors affecting the selection of pavement maintenance strategies [Hajek et al.1986,
Ritchie et al 1987 and Haas and Shen 1989). Factors such as density and severity of
distress and their classifications are based on Ontario Pavement Maintenance Guidelines

[Chong et al., 1989). Riding Comfort Index (RCI) is an important factor in deciding the
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Table 4.1: Form Used to Acquire Knowledge on Rutting
Climate is Inland (DD is higher than 600 C * days)
Traffic Volume (AADT) is More Than 2000 Veh/Lane

In the Table given below the expected repair life (in years) for any type of
maintenance should be expressed in red, and the priority choices for the type of

should be in blue.
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light = Rut depth less than 10 mm

Moderate= Rut depth between 10 mm and 20 mm

Severe= Rut depth more than 20 mm

Few = Less than 30% of pavement surface affected; distress over localized area only.
Extensive = More than 30% of pavement surface affected; distress spotted evenly over
entire length of pavement section [Chong et al., 1989).
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timing of maintenance because RCI affects vehicle operating costs in addition to comfort
[Janoff, 1986]. The quality of ride is classified into five levels in a scale from 0 to 10
(i.e., from 0 to 2 means very poor, from 2 to 4 means poor, from 4 to 6 means fair,
from 6 to 8 means good and from 8 to 10 means very good) [Janoff, 1986., Nair and
Hudson, 1986]. In this study RCI equal to 4 will be considered as the lowest acceptable
riding quality (Fair riding quality). This is compatible with AASHTO practice which

suggeslts terminal serviceability, in terms of RCI, between 4 and 5 [AASHTO, 1986].

4.2 Stage 2: Prototype Development

The purpose of this stage was to develop a "working prototype," that is a small
demonstration program that could manage part of the problem. This prototype system is
a complete expert system but on a smaller scale (i.e., smaller number of rules, usually
20 1o 30). This type of program is used to test ideas about problem definition,
structure and representation. In the following sections, the tasks involved in developing

and building a working prototype expert system are explained.

4.2.1 Select the Development Environment

Three i are currently available for expert

system namely i and

expert system shells. The most popular software is the expert system shell or simply
“"shell." Particular knowledge has to be added to the knowledge base of the shell to
formulate an expert system. The objective of this task was 1o select the proper expert
system shell. Most shells are built for use on personal computers. The shell user is not
directly involved in developing the control strategy, or the explanation facility because

the shell contains a working inference engine.

49



Two expert system shells were selected, Exsys Professional and Instant Expert
Plus [Exsys, 1988 and Human Intellect System, 1988). There were three major
reasons in selecting these shells. The first reason is the flexibility of the systems in
terms of modifying and expanding the knowledge base. Flexibility is measured by the
ease of adjusting the system for the purpose of increasing the size of the knowledge base,
or deleting facts or rules from the knowledge base. The second reason is the "user

friendliness" of the systems, because the users of the systems may have litlle or no

in i The third reason is the ability of Instant Expert
Plus to associate facts and expressions with figures and pictures.

Exsys is a powerful shell capable of handling up to 3000 rules. Figure 4.1
shows the basic struclure of Exsys Professional and its relationship to the domain
expert, knowledge engineer and end user. The cycle begins with the interaction between
the domain expert and the knowledge engineer. Knowledge was extracted and used to build
the knowledge base. The control mechanism of the inference engine uses the input data

and searches through the base fo reach a i The user either accepls

the conclusion or rejects it. The cycle ends by accepting the conclusion. In case of
rejecting the conclusion, the user must contact with the knowledge engineer to correct

the ing fact in the base to give

Instant Expert Plus, developed by Human intellect Systems Inc. for Apple
Macintosh computers, was another expert system shell chosen for the development of
PMAS. Instant Expert Plus was chosen mainly for its ability to associate facts and
knowledge with figures. Figure 4.2 shows the structure of Instant Expert Plus and its
relationship to the editor, the user inference, the knowledge base and the explanation
module. The inference engine works with the rules stored in the knowledge base, to
create the reasoning process.

The next section will give a detailed description of the differences between Exsys

and Instant Expert Plus.
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Figure 4.1: Basic Struclure of EXSYS Professional [Hanna, 1989]
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Figure 4.2: The Structure of Instant- Expert Plus [Human Intellect Systems, 1988]
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Table 4.2:
Between Exsys

and Instant Expert Plus

Criteria

Exsys Professional

Instant Expert Plus

Environment

PC- DOS IBM

Macintosh

Backward& Forward

Backward& Forward Chaini
Control  Strategy | Backwardg Forward Chaining | Backwardd: Fors
Explanation Respond to HOW by displaying |Respond to WHY by displaying
Facility the chain of fired rules c rules attempt to  fire
Respond to WHY by displaying
the rules attempt to fire
External YES YES with other Mac graphics
Programs
Ease of Rules YES No

Input

Three modes

One mode includes

Confidence 5 g”ﬂg Yes, No, UNKNOWN and 0-10
; Confidence appears in
= 2100 0000 questions and conclusions
Confidence appears in
conclusions_onl
Graphics No graphic capabilities Good graphic capabilitics
Ease of No
YES
Modification
Input Mode Qualificrs and rules Rules and graphics
Conclugians Maintenance Strategies Maintenance Strategics
(output)
$1100 $600
Gost $ 650 (cducational price)

$ 250 (educational price)
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4.2.2 Construct the Knowledge Base

Knowledge base construction is the process of providing the system with
knowledge collected from the human experts and the literature. The objective of this
task is to encode the knowledge gained from Stage 1 into the computer knowledge base.

The result is an i base of selected rules.

The process of constructing the knowledge base involves three basic steps,
namely, developing the search tree, constructing the tabular knowledge base and
extracling the rules from the tabular knowledge base. Each step is explained in detail

next.

4.2.2.1 Develop the Search Tree

This step started with the creation of a list of factors which affect the selection of
pavement maintenance strategy. The next step was to incorporate these factors into a
declsion tree. A decision tree is a grouping of factors and levels that are related to each
other and follow a certain path. Each level is further divided into lower levels ill the
full extent of the tree is reached.

Figure 4.3 shows the factors affecting the selection of pavement maintenance
strategies which were explained in section 4.1.2. These factors are surface condition,
Riding Comfort Index, traffic volume and climate. These factors were divided into levels.
For example surface condition is divided into two levels related to its attributes namely,
severily and density. Severity is further divided into three levels which also related to
its attributes namely, slight, moderate and severe. Density is divided into few and
extensive.

As mentioned earlier, RC is divided into less than 4 and more than or equal 4.
Traffic volume is measured by the Average Annual Daily Traffic (AADT). Traffic volume
is classified into low and high. Low traffic is less than, or equal to 2000 vehicles per

lane. High traffic is reached when AADT is more than 2000 vehicle per lane. Climate is
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independent Variables

I
Riding
Comfort

Surface
Condition

Density

DD Lower
than
s00_C*

days

Figure 4.3: Independent Variables Affecting the Maintenance Sirategies



classified in coastal and inland which reflect Newfoundland climatic condition.

The structure of the tree for the Pavement Maintenance Advisory System (PMAS)
is shown in Figures 4.4, 4.5, 4.6 and 4.7. Figure 4.4 shows the general decision tree
for PMAS. The top level shows whether the maintenance is required for a single distress
or for a combination of distresses. The second level illustrates whether the repair is
advised, or not, based on the evaluation of surface condition for single or combined
distress. The lowest level of the tree indicates the urgent maintenance (i.e.,needed this
season versus needed next season). Figure 4.5 illustrates the effect of severity and
density for a single dislress on the repair decision. For example, the outermost left
branch of the tree means that, if the severity of rutting is "severe" and the density is
“few", then the repair is advised. Figure 4.6 is similar to Figure 4.5 but for combined
distresses. Figure 4.7 shows whether a particular repair is required in the current
season or it can be postponed. For example, the left outermost branch of Figure 4.7
illustrates that the repair is needed this season if the Riding Comfort Index is less than
4, and if the Annual Average Dally Traffic (AADT) is more than 2000 vehicle/lane. The
reason behind that is the road with uncomfortable riding and high traffic volume should
get immediate repair to minimize increased vehicle operating costs. This applies to both

single and combined distresses.

4.2.2.2 Construct the Tabular Knowledge Base

A tabular knowledge base was created by arranging the types of distresses which
were broken down into levels of density and severity in vertical columns, and the
maintenance strategies in rows (Table 4.3). Cells under maintenance strategies are to
be filled with two values, the order of preference among different pavement maintenance
strategies, and the expected repair life in years. The order of pavement maintenance

selection is represented by a small number in the upper right corner. The expected
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Maintenance

Maintenance for Maintenance for

A Single Distress Combined Distresses

(See Fig. 4.5) (See Fig. 4.6)
Repair Repair Repair Repair
Advised Not Advised Advised Not Advised
See Fig. 4.7 (See Fig. 4.7)| | (See Fig. 4.8)| | (See Fig .4.8)

Needed Needed Needed Needed
This Season| | Next Season This Season Next Season

Figure 4.4: General Decision Tree of the Pavement Maintenance Advisory System
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From Figure 4.4
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Figure 4.7: Detailed Structure Tree for the Repair Advised for a Single Distress or
Combined Distresses
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Table 4.3:
Example of the Acquired Knowledge on Rutting

Climate is Inland (DD is higher than 600 C * days)
Traffic Volume (AADT) is More Than 2000 VehvLane

Cells under maintenance type are to be filled with two values, the order of selaction

among different pavement maintenance strategies and the expected repair life in years.

The order of pavement maintenance selection should be representad by a small number in the
upper right corner.

The expected repai fife for that fype of maintenance should be represented by a big number
in the middie of the cell.

The capital letter X indicates "Do Nothin
Type
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Slight = Rut depth less than 10 mm
Moderale= Rut depth between 10 mm and 20 mm

Severe= Rut depth more than 20 mm

Few = Less than 30% of pavement surface affected; distress over localized area only.
Extensive = More than 30% of pavement surface affected; distress spotted evenly over
entire length of pavement section [Chong et al.,1989].
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repair life for that type of maintenance is shown in bold numbers in the middle of the
cell. The capital letter X indicates "Do Nothing".

The tabular knowledge representation format is an efficient way of facilitating
the task of knowledge acquisition. Its advantages are:

1 Itis easy for the expert to add or delete information from the knowledge base.

2 Any vacant cells can be easily identified and as a result a complete knowledge

base can be achieved.

3 Rules can be easily extracted directly from the table.

The main shortcoming of the tabular knowledge base is that experts are limited to
the already defined variables on the table, and may not add or change any of the variables.
This, however, is not a serious limitation because extensive communication with the
experts before the design of the table, assisted in defining the variables which are

important in the decision making and establishing their interaction.

4.2.23 Elicit Rules from the Tabular Knowledge Base

Rules can be easily extracted from Table 4.3. The IF part was taken directly
from the vertical cells. The THEN part was taken from the horizontal cells associated
with the appropriate ranking and the expected life. Rules were then loaded directly into

Exsys and Instant Expert Plus in the form of IF-THEN rules.

4.3 Stage 3: System Development
In this slage, the prototype is subjected to a series of sequential increases in the
number of rules to cover the full size of the system and to enhance the knowledge base.

The following iteration steps were used to achieve a well structured complete system.

ik Add more rules into the knowledge base
2 Test and evaluate the system
3 Analyze any problems which appear
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4 Restructure and refine the prototype design
5 Go 1o step 1 until all rules have been added.

This section will be described in detail in the next chapter.

4.4 Summary

The methodology for expert system development is divided into three major

stages, namely isil prototype and system

The knowledge acquisition stage describes the process of acquiring pavement maintenance
knowledge through literature search and interviews with experts. The second stage
involves the development of a prototype system which has the full features of the
completely developed system but on a smaller scale. The third stage involves the
increase of the size of the prototype system until it reaches the full scope of the complete

system. Chapter five will present the actual development of a complete system in detail.
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Chapter 5

Developing the Expert System

This chapter describes the process of ping the
Advisory System (PMAS). This chapter first i the
process through interviews with p: experts. , it explains how the
acquired is into rules ible with the selected shells.
5.1 Source of Knowledge for \ance Selection

Three sources of knowledge are used for developing PMAS, namely formal

documents, documented case studies and expert interviews, all of which are discussed.

5.1.1 Formal Documents
Two basic documents were used to establish comprehensive guidelines for
pavement maintenance strategies. These are:

1 Pavement Maintenance Guidelines (Ministry of Transportation, Ontario, 1989).

2 Manual for Condition Rating of Flexible Distress
(Ministry of Transportation, Ontario, Chong et al., 1982).
These documents were chosen because they provided guidelines on how to identify

pavement distresses, their possible causes and how to evaluate severity and density.

These also the for each
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type of distress. For example, Figure 5.1 shows how the Pavement Maintenance

Guidelines Manual describes the severity and density of wheel track rutting.

5.1.2 Documented Case Studies

Another source of information was found in technical Journals. Three technical
Journals were found relevant to this research: Transporiation Research Board Records,
Asphalt Paving Technology Proceedings and Canadian Technical Asphalt Association
Proceedings. They describe successful case sludies of certain maintenance strategies.
Several rules were obtained by reviewing these journal articles. Some of these rules
were explicit, while others could be inferred from the documents descriplion. For
example, an article entitied "Improved Preventive Maintenance: Sealing Cracks in
Flexible Pavement in Cold Regions" described the successful use of rout and seal in
Ontario [Chong and Phang, 1988]. The paper stated explicitly that roul and seal is used

as maintenance for transverse cracks. Part of Rule # 61 was extracted from this paper.

It stated:

IF: (1) The type of distress observed is a single distress
and (2) The type of distress is transverse crack

and (3) The severity of transverse crack is severe

and (4) The densily of the distress is extensive

and (5) The climate is inland

THEN: Rout and Seal

The first two conditions in the IF part were found in the first six lines in the
article's abstract. Conditions (3) and (4) were found in two pictures which

accompanied the article. Condition (5) was deduced from the description of the case.
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_ Surlace Defects | Wheel Track Rutting

L i ion left in the wheel tracks after repeated load application. It results

Possible Causes:

Severity: Class

Slight
Moderate

Severe

Density: Local:

General:

from compaction under load combined with a shoving sideways of pavement matesial.
Wheel track rutting can appear as single rut or double nuts.

1. Poor construction technique and poor quality control.
2. Poor materials and/or material design.
3. Traffic action.

(Based on and rut depth with a standard
1.2 m gauge width)

Less than 10 mm.
Up to 20 mm.

Greater than 20 mm.

Less than 30% of pavement surface affected: distress spotted over localized areas only.

More than 30% of pavement surface affected; distress spotted evenly over entire length
of pavement section.

[Chong et al., 1989]

Figure 5.1: P
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5.1.3 Expert Interaction
A third way in which the available knowledge compiled, was by means of
in‘arviewing experts. The rules obtained from experts contained personal knowledge

thal they had acquired through their experience with particular problems. These

jective opinions i such as how to handle incomplete or
inconsistent data, or how 1o select the best solution among several possible alternatives,
under a particular set of conditions. The degree of success achieved by the system
depends on the ability of the experts, whose knowledge is encoded in the knowledge base .
Two experts (Mr. Foster and Sellars) who routinely handle maintenance decision

in the and Labrador Dt of Works, Services and Transportations,

were selecled.

5.1.3.1 Interview with an Expert
The interview started by explaining the objeclives and the scope of lhis research.
The scope of the interview was limited to three types of pavement dislresses, alligator

cracking, transverse cracking, rutting and all their possible combinations. Thirteen

were i do nothing, crack seal (sand seal), crack seal
(chip seal), rout and seal, cold planning, heater planning, cold mix patching, hot mix
patching, hot mix recycled patching, mulch pavement, spray patch, surface
replacement, and reconstruction. During the first interview with Mr. Sellars, he
described the different types of maintenance used in Newfoundiand. He also agreed that
the main distress problems faced in Newfoundland are transverse cracking, alligator
cracking and rutting. A list of all the maintenance stralegies used in this research was
shown to him. After reviewing this list, Mr. Sellars stated that four maintenance lypes
are not commonly used in Newfoundland. These four, cold planning, healer planing,

mulch pavement and spray patching, were then dropped from the list.
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During the second Interview, Mr. Foster explained the sources of pavement

distresses in Newfoundland and the ditferent maintenance strategies. He provided a copy

of the Maintenance Manual used by pavement engineers in the province [Road

Maintenance Standard, 1989)].

A copy of Table 4.1 combined distresses (Transverse cracking and Rutling) was

given to Mr. Foster and he was then asked o table his opinion related 1o the ranking of

maintenance selection.

The following question (Q) and answer (A) sessions show some of the important

responses from both experts.

What types of distresses are most prevalent in Newfoundland?

Rutting, transverse cracking and alligator cracking.

Does your depariment use any recycling method?
Yes, in the operations department we use hot mix recycled patch very

often.

Do you agree that these thirleen types of pavement maintenance are the
ones used in Newfoundland (do nothing, crack seal (sand seal), crack seal
(chip seal), rout and seal, cold planning, heater planning, cold mix
patching, hot mix patching, hot mix recycled patching, mulch pavement,
spray patch, surface replacement, and reconstruction)?

| agree with most of the list. However, we do not use mulch pavement,

spray palch, cold planning and heater planning.

Can you estimate the life expectancy for each of the remaining

maintenance types?
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Hot mix patching is estimated to last for two years, cold mix patching one

year, crack seal and rout and seal, five years.

Can you elaborate more on weather conditions?

Some of these maintenance strategies are more efficient in coastal
weather condilions and others are more efficient in inland weather
conditions. For example, crack seal is not efficient in inland weather
condition and will lose at least one year from ils expected life. On the
other hand, some maintenance strategies may not be affected by inland or

coastal weather conditions such as hot and cold mix patch.

What are the faclors affecting your decision to repair roads?

Surface condition, traffic volume, climate and Riding Comfort Index.

Are any particular maintenance activilies limited to specific season?
Yes; for example cold mix patch is limited to winter time only because of

the weather factor.

The above mentioned sources of knowledge provided all of the rules contained in

the knowledge base. Table 5.1 presents a summary of the rules and their sources.

5.2 Creating Goals and Subgoals

The end goals of an expert system are the final conclusions which the system

reaches. Subgoals are intermediate goals that facilitate the definitior. of the problem,
and reduce the number of rules to be utilized. For example, two main subgoals were
created in Exsys and Instant Expert Plus to determine if particular distresses need

ropair or not. These are: "The Maintenance repair of the Distress is Advised" and "The
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Table 5.1:

The Source of Knowledge

Rules #

Source of Knowledge

From 1 10 4, 27, 38

Pavament Maintenance Guidelines" Distressos,
Maintonance Alternaves and Perlormancy
Standards™ (1989, pp. 51).

From 5 10 9, 39, 43, 47. 48
50, 52

Pavement Maintenance Guidelines® Distressas,
s and Parformance
Standards” (1989, pp. 22).

From 10 to 15, 55, 57, 59
61, 63, 65

Pavoment Maintenance Guidelines Distresses,
Mainiananco Altemaives and Porlormance
Standards® (1989, pp. 18).

From 16 10 21, 23, 24, 26

Pavement Maintenance Guidelines" Distresses,
Mantenance Alteraives and Perlormanco
Standards® (1989, pp. 19).

22, 25, 28, 30, 32, 33, 34, 36,

42, 44, 48, 56, 67, 68,

Piivato Communication, Mr. Selars
(Department of Works Services
and Transportation, Government of
Newloundiand and Labrador)

Prvae Commuricaton, M, Selars and
(Departmant of Works Sonicos

From 70-106 o Yumpﬂvlnlmn‘ Govarnmant of
Newloundland and Latvador)
Roud Maint

29, 31, 45, 83 Standard, Depariment of Transportation,

Province of Newloundland (1989, pp. 1-3)

From 107-170

Priwe Commuricaon, W Foata
(Depariment

o Tanptrton Gavsenmant o
Newloundland and Labrador)

35, 40, 41, 49, 51, 54, 56
60, 62, 64, 66, 69, 70

‘Pavomort Malntonance Gudolines* Distrasses,
intenance Alternatives and Performance
Standards® (1989).

Private Communications, Mr. Solla
Mr Fostur(Department of Works.
and Transportation, Govarnmant of
Newloundland and Labrador)

and

Sllndudl {1988).

Road Mainfenance Standard, Depariment of
Transgorifon, Prosce of Nowloundand
(1988, 3)
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Maintenance repair of the Distress is Not Advised". Two secondary subgoals were
triggered to determine the urgency to do the maintenance. These are: " Repair is Needed
This Season* and " Repair is Needed Next Season.” The first subgoal (Repair is Needed
This Season) is created when RCI is less than 4 (i.e., the road is in such bad condition
that the comfort of travellers is affected). While the subgoal "Repair is Needed Nex!
Season" is used when RCI is equal or more than 4 (i.e., the road is in tolerable
condition). It should be noted that subgoals will not appear during a computer run. For

example, Rule # 2 shows the conclusion as subgoal.

IF The type of distress observed is single distress
and The type of distress observed is rutting

and The density of the distress is few OR extensive
and The severily of the rutting is severe

THEN : The Maintenance of the rutling is Advised

5.3 Extracting Rules from the Tabular Knowledge
Base

Figure 5.2 shows how the rules were extracted from the tabular knowledge base
that was shown in Table 4.3. For example, the IF part of the rule is taken from those
cells highlighted by dotted lines on the left part of the table, the THEN part of the rule is
taken from those cells localed under the maintenance type. The big number indicales the
expected repair life in years. The small number in the upper right corner indicates the
priority of selection. Rule number 37, for example, is directly extracted from Figure
5.2

Confidence factors are used to rank preference of selection among different

trategi Exsys i utilizes three modes of goal selection. The
first is a Yes/No mode which merely assigns a value of yes or no 1o a choice. The second

mode assigns a value between 0 and 10 to a choice. A value of 0 designates absolutely no,
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IF: The type of distress observed is rutting
L—AND: The density is few

ND : The severity of rutling is severe
AND : Riding comfort index is equal er more than 4

THEN Hot mix recycled patch (the expected repair life is 3 years|

OR Pothole patching (the expected repair life is 3 years) <

Figure 5.2: Example of How Rules are Extracted from the Tabular Knowledge Base
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while a value of 10 designates absolutely yes. Values from 1 lo 9 allow degrees of
certainty to be expressed. The third mode assigns a value between -100 and + 100
[Exsys, 1988]. PMAS in Instant Expert Plus utilizes only the 0 lo 10 mode. PMAS
utilizes the 0 to 10 in both Exsys and Expert Instant Plus.

Confidence factors assigned to PMAS are directly extracted from Table 4.2. If the
expert chooses a particular maintenance type as his first choice, the choice will be
assigned a confidence value of 9. The reason of assignina 9 instead of 10 is because of the
limitation of the selected shells. If a value of 10 is assigned to a particular maintenance
type, the final conclusion will be locked to one choice and obscure any other maintenance

types. Experts second and third i were assigned i of 7 and §

respectively. It should be noted that assigning values of 7 and 5 were based on the

expert's suggestions when he was asked to give a rating on scale from 0 lo 10.

5.4 Loading the Rules

Rules extracted from the tabular knowledge base should then modified to be
compatible with the selected shells. Sections 5.4.1 and 5.4.2 explain how the acquired
knowledge should be entered into Exsys Professional and Instant Expert Plus,

respectively.

5.4.1 Loading Rules In Exsys Professional

Rules are loaded into Exsys Professional by creating a series of qualifiers and
selecting the components of the qualifiers to build the rules. Qualifiers are text
expressions with a specified list of options (components). The component of each
qualifier should cover all possible alternatives within the scope of the knowledge base.
For example, rule # 20 utilizes the first option from qualifiers # 14, 1, 6 and 4 shown
below. The THEN part of the rule is taken from the first option from qualifier # 13.

IF : The type of distress observed Is single distr