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1/ INTRODUCTION

There are many maintenance and rehabilitation treatments that a pavement
engineer can use to preserve or improve the way in which asphalt concrete
pavements serve the travelling public. These treatments include, for
example, hot-mix patching, installation of pavement edge drains, and
milling and resurfacing. The paper describes a knowledge-based computer
program which can function like an expert when selecting and recommending
one of these treatments; specifically, routing and sealing of cracks in
cold areas. This computer program,‘or expert system, was named ROSE.

It is a part of a 1éfger knowledge-based expert system, now under
development, for selection and recommendation of all common pavement

‘preservation treatments [1].

Using the routing and sealing treatment as an example, the principal
objective of this paper is to show how knowledge-based expert system
technology can be used to improve the selection and planning of pavement
maintenance and rehabilitation actions.

ROSE was designed specifically for the Ontario Ministry of Transportation
and Communications (MTC). It is based on the MTC pavement monitoring and
evaluation procedures, interacts with its existing pavement management
information data bank, and contains the MTC knowledge base, i.e.,
decision logic when to rout and seal, developed using the latest MTC
research results and experience. While the direct applications of ROSE
by other jurisdictions may be difficult or even inadvisable, it is hoped
that the methodology and programming approach described herein will have
general applicability in other jurisdictions and for other problems.

An overview of expert systems, including their position in the field of
Artificial Intelligence, description of architecture, and existing

applications can be found in several references [2,3].

Why Use Knowledge-Based Expert System Technology for Pavement
Preservation?

The answer to this question should be clear at the end of this paper. ‘
However, by way of introduction, some potentially advantageous features Egﬁ
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of expert systems, as they apply specifically to pavement management, are
highlighted in the following:

a) Gathering and Encoding Knowledge

Knowledge associated with the selection of pavement preservation treat-
ments which is readily available (in engineering textbooks, reports and
in various guidelines and directives) is not detailed enough to be
suitable for direct use. Much of this knowledge is heuristic, unpub-
Tished énd dispersed among many users. This situation applies particu-
larly to agencies, such as the MTC, administering extensive pavement
networks over a large geographicaT area with a variety of subgrade
conditions, load and environmental exposures, and material quality and
availability. Gathering and encoding of this knowledge within the expert
system structure should be especially valuable for organizations which
want to capture and effectively use the expertise of senior pavement
design and maintenance engineers today and for many years after their
retirement.

b) Systematic and Consistent Knowledge Application

Expert system knowledge rules can encode agency policy and assist in its
implementation. For example, if the policy is to use a surface treatment
rather than an asphalt concrete overlay if certain conditions are met, an
expert system can ensure that the surface treatment alternative is not |

overlooked.

c) Computerized Application of Knowledge
Many agencies administer highway networks encompassing thousands of
pavement kilometres in various stages of repair. For example, the MTC
administers about 21 000 centreline kilometres of highways, divided into
approximately 2000 pavement management sections. All these sections
require, sooner or later, a site-specific preservation treatment. Expert
systems can fully utilize all available data for individual pavement
sections and can rapidly select practical pavement preservation treat-
ments for all network sections. This can enable one:
i) to analyse funding requirements for different pavement preservation
treatments and strategies, as will be illustrated in this paper, and

ii) to optimize the selection and timing of preservation treatments on a
network-wide basis by considering all practical treatment alterna-

tives generated by an expert system using detailed, site-specific
data [1].
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2/ WHAT IS ROUTING AND SEALING AND WHEN TO DO IT

The routing and sealing treatment considered by ROSE is applicable only
to asphalt concrete pavements in cold areas. These pavements comprise

about 95% of the MTC highway network.

Routing, often done with a carbide-tipped router, opens up the crack to
the width of 20 to 40 mm and a depth of about 10 mm. This opening,
cleaned and dried by hot compressed air, is required to accommodate

| enough sealant (hot-poured rubberized or polymerized asphalt cement) to
provide an effective seal even after the pavement contracts at low
temperatures [4]. The objective is to prevent surface water, particularly
‘water containing de-icing salts, from entering and damaging the pavement
structure. Because of the continuing improvements in sealants and in
routing and sealing technology, it is difficult to estimate the benefits
of routing and sealing (R&S) based on past experience. However, it
appears that R&S, if timed and executed properly, can prolong pavement
1ife by about 30% (5 years). This estimate is based on continual
observation of 7 pavement test sections routed and sealed in 1981, on
Highway 17 east of Ottawa, and on long-term observation of many other
sealed and unsealed sections.

The MTC has been intermittently routing and sealing asphalt concrete
pavements for many years. During the last two years, R&S work averaged
about $1.5 million in cost. However, the MTC does not have any firm
policy for R&S and opinidns among MTC personnel regarding its
implementation and usefulness may differ.

The economic significance of the R&S treatment should not be judged by
its past funding or even required funding. The true economic signifi-
cance emerges if one considers the benefits of the treatment in

prolonging pavement life and its cost. While a typical cost of R&S is
about $1000 per km, a typical resurfacing cost is about $40,000 per km.

The following R4S guidelines, encoded in ROSE, are based on the latest
MTC R&S experience and research. The guidelings have been formulated by
the authors. These guidelines are, in our judgement, the best available,
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but they are not yet official MTC R&S guidelines. Such guidelines may be
jssued after the results of Tong-term monitoring of an extensive 1986
experimental R&S program are known. The guidelines were inciuded herein
to outline the main features of the problem solved by the system. The
conceptual objective of the paper is to demonstrate that, given guide-
1ines of this nature, expert system technology can play a key role in
implementing them.

In general, R&S is recommended to be used as a preventive pavement
maintenance treatment. That is, R&S should be done before the initially
formed single pavement cracks deteriorate (ravel, branch out into
multiple cracks or, in the case of transverse cracks, become stepped).
On the other hand, it is not always practical to R&S hairline cracks.
Also, if there are only a few cracks suitable for R&S, the operation may
not be economically viable. Conversely, if the cracking is very
extensive, it is usually better to resurface the entire pavement rather
than to rout and seal it.

In addition to the amount and width of cracks, R&S decisions also depend
on the following factors which are routinely collected or can easily be
obtained.

Crack Type -- For example, it is usually most important to rout and seal
transverse cracks. These cracks follow a course approximately at right
angles to the pavement centreline. Full transverse cracks tend to be
reguiarly spaced along the length of the road, while half transverse and
part transverse cracks occur at shorter intermediate distances.
Transverse cracks directly affect riding quality of the pavement and
there is some evidence that R&S may prevent or retard their stepping.

As a preventive maintenance treatment, pavement edge cracks may not be
routed and sealed and alligator cracks should never be.

pavement Serviceability -- Pavements with low (deteriorated) pavement
serviceability should not be routed and sealed. Pavement serviceability
was measured using Pavement Condition Index (PCI) on a scale from O to

100 [5]. Newly-constructed pavements have a PCI of about 95, and
rehabilitation is usually done when PCI is between 40 to 60.
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Pavement Structure -- For example, it is particularly important to
R&S asphalt concrete overlays placed over Portland cement concrete (PCC)
pavements. The pavement condition, such as stepping, before overlay
placement also affects R&S decisions.

Presence of Pavement Distresses -- such as ravelling, flushing and
rutting, reaching certain critical levels. For example, a pavement
section with severe ravelling on most of its length should not be routed

and sealed.

Existence of Pavement Maintenance Treatments -- The presence of some
maintenance treatments, such as spray patching or manual patching usually
makes R&S inadvisable.

In summary, the R&S treatment is an important and, indeed, a key preven-
tive maintenance treatment for asphalt concrete pavements in cold areas.
However, to fully realize the significant benefits of this treatment, the
pavement sections must be selected judiciously for cost-effectiveness,
and R&S applications must be timely and well executed, i.e., with
appropriate materials and careful application techniques.
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3/ INTEGRATION AND COMPATIBILITY WITH PMS DATA BASE.

The cornerstone of ROSE is the method MTC uses for evaluation and rating
of pavement surface distresses [5]. The method evaluates 15 typical
pavement surface distresses, listed in Table 1, such as ravelling,
distortion and centreline cracking. Each distress is evafuated
separately on a severity scale and on a density scale, each scale ranging
from 0 to 5. The severity and density of distresses are assigned using
the guides in Tables 1 and 2, respectively. The evaluation considers
pavement conditions on the entire length of the pavement management
section and is usually done every second year. The averagé section
tength is about 10 km. This evaluation method requires that the sections
be selected to exhibit a uniform pavement performance.

Pavement distress data are stored in a pavement management information
data bank on a mainframe computer. The bank also stores many other
pavement-related data such as pavement age, Pavement Condition Index,
and type, extent and cost of existing pavement maintenance treatments,
as well as pavement structural characteristics.

The knowledge-based expert systems must be integrated with the existing
pavement management systems. Our pavement evaluation procedure, together
with the pavement information data bank, represents a significant
investment. This investment is not just in software and databases but,
most importantly, in personnel knowledge, acceptance of the system, and
training. It was made to enable determination of deficiencies, remedial
measures and fiscal needs associated with preserving pavements for the
travelling public. ROSE addresses the same issues. In order for ROSE to
be a useful decision tool, it must be integrated and made fully
compatible with the pavement management processes, including terminoiogy,
pavement evaluation, operating practices, and existing hardware and
software.

e

‘A‘}%“%E
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4/ SYSTEM ARCHITECTURE

Traditionally, pavement preservation decisions have been done either (a)
at a project level, or (b) at a network level. Project level decisions
are based on detailed technical information related to a specific
pavement section. Network level decisions are based on shmmary condition
information relative to the entire highway network. Knowledge-based
expert systems, such as ROSE, have the potential to utilize detailed
site-specific data also for network level decisions [1]. However, there
are still considerable operational and programming differences, depending
on whether the system is expected to process one pavement section at a
time or hundreds of sections at the same time.

In response to this dual requirement, ROSE was developed to operate in

two different modes:

e an interactive mode which queries the user for required input data and
is intended to process one pavement section at a time, and

e an automatic mode designed to interact only with other computer files
and programs, and able to process many sections at the same time.

The overall architecture of the system is shown in Figure 1.

a) Interactive Mode

The interactive mode was developed first. The development was done using
an EXSYS expert system development package which runs on IBM PC compa-
tible computers [7]. This type of hardware should be readily available
to the intended users.

The selection of EXSYS was based on a detailed evaluation of several

IBM PC compatible expert system development shells (EXSYS, APES [8],
INSIGHT2+ [9]1) and programming languages (PROLOG [10], LISP [11],

¢ [12]), using basic evaluation parameters such as those given in
Reference 13. The evaluation was done in 1985 and in early 1986. EXSYS
was selected mainly because of its simple, rule-oriented language and
powerful editing capabilities. It may be also noted that EXSYS has been
used previously for a similar problem [14]. In retrospect, one of the
main evaluation parameters which might have been used (and which is
particularly important if one wants to use the software for several
years) is the commitment of the software developer to continuous support
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and enhancement of its product. However, evaluation of this parameter is
rather elusive. The EXSYS version used was 3.0; but version 3.1 is now
available and it contains many improvements such as prov1s1on for forward
chaining as well as backward chaining.

EXSYS provides a very suitable programming environment for the develop-
ment, calibration, testing, and running of expert systems solving struc-
tured selection problems. The objective of such problems is an
"intelligent" or knowledgeable selection from a finite set of possible
solutions. In our case, the selection was formulated to be from a set of
numbers, 0, 1, 2, 3, ... 10 which were used to indicate the desirability
of routing and sealing. Definite rejection of R&S is indicated by 0,
while 10 means that R&S is highly desirable. The set of numbers can be
also interpreted as a probability weighting that R&S is an appropriate,
cost-effective pavement preservation treatment for a given section.

A rating of 0 indicates that R&S has no chance of being cost-effective,
while 10 1nd1cates that R&S is recommended with total confidence as being
a cost-effective treatment.

The programming was done in the form of "if-then" rules which were used
to represent knowledge about R&S. For example, IF PCR is 60 or or less,
THEN do not R&S. The rules were interpreted by the EXSYS inference
engine using backward chaining similar to backtracking as used by PROLOG
[15]. The function of the inference engine is to decide how to apply the
rules -- which rules to invoke and in which order, when and how to infer
information from other rules, and when to ask the user for additional
information so that a solution can be reached. EXSYS has a user-friendly
interface which can be used to emulate the interaction a user might have
with an expert to solve a problem. The prototype development and rule
formulation and coding was greatly assisted by the EXSYS editing program
and the inference mechanism.

EXSYS is not an "ideal" rule-based expert system development shell. An
ideal system would enable the user (say knowledge engineer) to enter the
if-then rules in an arbitrary order without worrying about each rule's
context. As it is, however, the knowledge engineer using EXSYS is still
basically a programmer. He or she must formulate and organize knowledge
rules in order to control the user interface and to Create and control
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(albeit in an implicit way) the structure and strategies for using domain
knowledge. For example, if the system developer wants to ensure that the
system quarries the user for data in the same sequence an expert is
likely to do (i.e., from general to detail, for all required attributes
of one object before moving to the next), he or she must arrange the
rules in a specific way.

It must be stressed emphatically that the above limitations apply not
only to EXSYS, but to all expert development shells that we have
evaluated. Indeed, according to Thompson [16], they apply to a certain
extent to all currently available rule-based expert system development'’
software.

b) Automatic Mode

The interactive version of ROSE, programmed in EXSYS, is incompatible
with the existing mainframe-based pavement management information data
bank. To achieve direct access to the data bank, the EXSYS rules were
translated into FORTRAN [17] using again the "if-then" format employed by
EXSYS. The recoding enabled high-speed processing of sections, direct
access to the data bank, and a subsequent statistical analysis of R&S
recommendations, obtained for hundreds of sections, using SAS programs
[18]. The purpose and sequence of programming steps is shown in Figure 1.

The bulk of the program development work was made up of data verification
and transfer, file access, system integration and planning. The transla-
tion from EXSYS to FORTRAN alone was relatively easy because:

a/ The FORTRAN program was used only for recoding rules while main input
and output functions were done by SAS programs.

b/ the rules in EXSYS code have been already formulated and arranged to
obtain a correct solution.

¢/ The FORTRAN version used supports an "if-then-else" syntax which
closely matches the rule format employed by EXSYS.
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5/ DECISION LOGIC

The major challenge in the development of knowledge-based rules for ROSE
was to take into account the influence of 15 surface distresses (given in
Table 1) in a systematic, quantifiable maﬁner. For illustration, let's
consider the first variable of Table 1, ravelling and coarse aggregate
loss, and the following knowledge-based statement:

"If a pavement section exhibits severe ravelling (characterized,
according to Table 1, by small potholes) throughout the section
{occurring on 80 to 100% of the section according to Table 2},
then R&S should not be done".

In other words, no matter what the pavement condition is in terms of the
type and extent of sealable cracks, age, thickness or other variables,
the presence of this type of ravelling dictates that R&S should be
recommended with the desirability equal to O or close to it. However,
what should the recommendation be if, all other conditions being equal,
the severe ravelling occurs on only few locations within the pavement
section or ravelling is just moderate and occurs intermittently?
Actually, each of the 15 distresses listed in Table 1 can occur at five
levels of severity and five levels of denSity for a total of 375

(15 x 25) combinations.

In addition to the 15 distress variables, each having a severity and a
density value, the R&S desirability is also influenced by another 10
numerical variables for which data are routinely collected and stored in
the data bank. Our task was to utilize the values of these (40)
numerical variables and convert them (using heuristic rules based on the
previously outlined R&S guidelines) into one variable: desirability of
R&S. Moreover, to analyse fiscal consequences of R&S decisions, it was
also necessary to calculate the amount of R&S for any given section. The
calculation was based on heuristic estimates (made by the authors) as to
how many metres of R&S, if any, a given distress condition may require.
The inevitable result is a data-intensive solution procedure containing
about 360 rules. Due to space limitations, the following description of
the solution procedure and decision logic was abbreviated to include only
the main features.
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A general decision model is given in Figure 2. The model follows the
reasoning an expert is likely to use to solve the problem. ROSE
considers first the condition of (half, full and multiple) transverse
cracking in terms of its severity and density using the variable BASE (as
defined in the figure). Values of this variable, for all possible
conditions of transverse cracking, are given in Table 3. (A1l values in
Table 3 are based on engineering judgement.) If the condition of
transverse cracking is judged to be the deciding factor (BASE > 5), the
left-hand side of the decision tree of Figure 2 is used, and a
preliminary conclusion regarding the R&S desirability (MODIFIED BASE in
Figure 2) is made by considering two additional factors:

a/ Influence of all the remaining (14) distresses. In order to provide a
graduated relationship between the state of the 14 distresses and the
R&S desirability, Cracking Distress Modifiers (CDM) given in Table 3
were established. If more than one remaining distress was present, a
final value of CDM is obtained by multiplying CDM values for
individual distresses (CDMs are multiplicands).

b/ Influence of PCI, age, existing maintenance treatments, section length
and thickness of asphalt concrete. The influence of these variables
was captured using Crack Condition Modifiers (CCM) given in Table 4.
For example, if pavement serviceability, measured in terms of the PCI,
was below 60, R&S was not recommended (CCM = 0). If the PCI was in
the range of 60 to 65, CCM = 0.2. CCMs for pavement age were used to
capture an heuristic rule that old pavements with good performance in
the past without R&S are not prime candidates for R&S in the future.
The CCMs for section length model field experience that long pavement
sections often exhibit somewhat non-uniform pavement performance which
increases opportunities for effective R&S. An analogous approach was
used to incorporate the influence of existing maintenance treatments
and the influence of the total pavement thickness (sum of asphalt
concrete thickness and PCC thickness, if any). CCMs were estimated
using engineering judgement: operationally, CCMs are also
multiplicands.

&%
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Next, the R&S desirability was adjusted (to yield FINAL BASE in Figure 2)
by considering the total amount of other cracks (not including transverse
cracks) suitable for R&S, TEXTENT, obtained by adding the values of the
variable EXTENT (Table 3) estimated for individual distresses. For
exampie, if an exceedingly large amount of other cracks suitable for R&S
was detected, the desirability of R&S was reduced. The variable TEXTENT
was also used to estimate the amount of R&S in metres per km.

Finally, the influence of pavement structure on R&S recommendations was
modelled using PM factors (Table 4). For example, if a pavement section
with an asphalt concrete Tayer was placed over an existing asphalt
concrete pavement with distinctly stepped transverse cracks (rather than
over an unstepped pavement or over a granular base), its R&S
desirability, which was up to this point in the range of, say 8 to 9, was
increased to 10.

Returning to the top of Figure 2, if the condition of (half, full and
multiple) transverse cracking was not considered to be a deciding factor
for 'R&S (BASE < 5), it was assumed that this condition exists because

there are either "too many" or "too.few" transverse cracks. If there
were "too few" transverse cracks (right-hand side of the decision tree,
Figure 2), the total amount of other cracks suitable for R&S (ZEXTENT as
defined before) was also considered. Engineering judgement was used to
assign a preliminary R&S desirability (EXTENT BASE), considering the
combined amounts of transverse and other sealable cracks. The

preliminary R&S desirability was again adjusted by considering:

a/ the presence of the remaining 14 distresses (using CCMs of Table 3};
b/ the influence of PCI, age and other variables (CDMs, Table 4); and
¢/ the influence of pavement base (PMs).

Lastly, in the case where "too many" transverse cracks were deemed to
exist to justify R&S (for example, severe half, full and multiple
 transverse cracking occurring throughout the pavement section, as defined
in Tables 1 and 2), the situation was duly noted as a basic section
characteristic and a R&S desirability, however small, was also
established.
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6/ APPLICATION

Pavement deterioration is a dynamic process and its progression during
the next 1 or 2 years is difficult to predict. Any success of such
short-term prediction in Ontario depends mainly on success in predicting
weather, particularly during the winter and spring break-up periods.
Moreover, prediction is required in terms of all 15 pavement distress
variables. These variables are interdependent through time [19] and,
consequently, the occurrence of many of these variables is highly
statistically correlated [20].

In order to avoid the need for pavement performance prediction under
these circumstances, ROSE's input is the present pavement condition,
while it outputs R&S recommendations which are considered to be valid for
up to one year. This should be acceptable in practice since R&S treat-
ments are not usually planned more than one year in advance and any
changes in pavement performance during this period are often too small to

measure.

In addition to assigning R&S desirabilities, ROSE also estimates, for
each section:

a/ the total amount of cracks recommended for R&S in terms of metres per
kilometre of 2-lane highway; and

b/ the cost of R&S per section.

Further, ROSE classifies each section as one of the following three
categories:

i) sections with too few sealable cracks to warrant R&S next year but
which may require R&S in the future,

ji) sections which may require R&S within one year,

iii) sections with too many cracks already to benefit from R&S.
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ROSE was designed to fully utilize all available surface distress data,
and other data stored in the data bank, without any unnecessary
assumptions or simplifications. It would be possible to significantly
reduce the number of rules by:

a/ using more aggregate, global descriptions of pavement éurface
distresses obtained, for example, by factor analysis techniques [20];

b/ asking the user to input more global data. For example, by asking
questions such as "What is the approximate amount of sealable cracks
in m per km?" instead of inputing detailed data and expecting ROSE to
calculate the amount.

Both the interactive and automatic versions of ROSE use identical
knowledge base, input data and decision logic. The exceptions are input
data and relations concerning pavement structural characteristics (last
part of Table 4). The data bank does not yet contain detailed pavement
structural data for all pavement management sections. For this reason,
the automatic version assumes that asphalt concrete thickness is about
100 mn or more, and that it was placed over a granular base or asphalt
concrete base without distinctly stepped transverse cracks. These
assumptions are usually met, and in many MTC districts the degree of
compliance is about 95%.

ROSE was calibrated, tested and verified on more than 100 pavement
sections Tocated in different parts of Ontario, until the authors were
satisfied with system relijability and accuracy. The calibration was done
by using ROSE in the interactive mode and taking advantage of the editing
features and the inference engine supplied by EXSYS.

Field verification of the results indicates that the main limitation
regarding the reliability and accuracy of ROSE is the correctness of
input distress data obtained from the data bank. This should be overcome
with time. '
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7/ RESULTS

ROSE can be used as a decision-making or a decision support system. In
its interactive mode, it performs at the level of a pavement maintenance
professional who is roughly in agreement with the R&S methodology
embedded in the system and applies this methodology consistently. This
assumes that the input data used are the routinely available data taken
from the data bank or directly from a field evaluation form [5].
However, ROSE does not outperform an expert since the expert, if he or
she -so chooses, can benefit from evaluating the pavement in situ.

In this case, the expert can carry out an up-to-date evaluation of
pavement performance specifically for the purpose of recommending R&S.
The routinely collected pavement performance data are intended to satisfy
overall pavement management objectives [21] and not just the selection of
one particular treatment. Thus, despite the separate evaluation of the
15 surface distresses,'some secondary performance characteristics which
may have some influence on R&S recommendations (e.g., tendency of the
asphalt surface to spall when cracked) are not routinely available.

Also, since the distress severity variables are basically categorical
(not continuous), a site visit can establish the existence of severity
subcategories (e.g., between "slight" and "moderate") and provide
additional, more detailed data. On the other hand, while ROSE recommends
R&S desirability on the 10-point scale, the expert is likely to express
his or her recommendations using only 3 or 4 categories (e.g., priority
for R&S is none, low, medium or high). In the interactive mode, analysis
of one pavement section on IBM AT computer, including supplying data for
up to 40 variables, takes about 4 or 5 minutes.

In the interactive mode, ROSE operates as any other well-designed
interactive program. In addition, it contains several enhancements.
For example:

a/ The user, when prompted by ROSE for input data, can ask "Why?". ROSE
answers why the data is needed. This is done by displaying,
on-screen, the first applicable rule for which the data is needed. ?Eg
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b/ The editing program enables the user to easily review and change any
part of the EXSYS code. It is also linked to the RUN command so that
any changes to the code or input data can be quickly evaluated.

An example of a R&S problem, solved by ROSE in the interactive mode, is
given in Table 5.

ROSE's performance in the automatic mode really shines. Assuming that an
expert cannot visit hundreds of sections and uses the same information as
that available to ROSE, ROSE's accuracy is similar to that of a very
patient and consistent expert and the results are available, more or
less, instantaneously. Output listing provides, for each section, a
section identification, its R&S desirability, the amount of cracks to be
routed and sealed, and other parameters. An example output 1isting,
processed by a SAS program (SORT BY region, RSD, DISTRICT), is shown in
Table 6. The listing identifies 10 pavement sections in Southwestern
Region which would most benefit from R&S. The sections on the list
should be considered prime candidates for programming of R&S jobs.

The desirability of R&S treatments was evaluated by ROSE (in automatic
mode) for two MTC regions, Southwestern Region and Northern Region
(Figure 3). These regions represent different, yet typical, Ontarioc
environments. The evaluation was done, using the most recent pavement
performance data, for all pavement management sections stored in the
pavement management information data bank. In all, 488 sections were
evaluated in Southwestern Region and 396 sections in Northern Region.
The highway networks of the two regions are roughly equal in size and,
together, comprise about 7200 centreline kilometres (about 45% of the
total provincial highway network).

Desirabilities with which the sections were recommended for R&S, and the
corresponding costs for these recommendations, are shown in Figures 4 and
5, respectively. For example, about 5.5% of all sections (27 sections)
in Southwestern Region were recommended for R&S next year with the
desirability of &, while only 1.5% of the sections (6 sections) in
Northern Region were recommended at this level. It should be noted that
some sections recommended for R&S may have been sealed once before but
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require additional sealing (CCMs in Table 4 for the presence of existing
R&S are equal or close to 1). Assuming that the cost of R&S is $1 per
metre, the cost of R&S for the 26 sections in Southwestern Region, having
an R4S probability equal to 8, was estimated to be $300,000 (Figure 5);
the corresponding costs for the 6 sections in Northern Region was
$150,000 (the sections in Northern Region are longer than in Southwestern
Region).

ROSE can be also used to evaluate the funding consequences of different
R&S strategies. For example, according to Figure 6, the R&S cost for all
sealable cracks in Southwestern Region was estimated to be $2.6 million
(assuming unit cost of $1 per metre), and the cost for the sections
recommended for R&S next year with a desirability of 7 or more was esti-
mated to be $1.2 million. The R&S cost for sections for which R&S is not
yet recommended, but may become so in the future, was estimated to be
$0.8 million.
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8/ DISCUSSION

The automatic mode of ROSE is coded in FORTRAN, a common procedural
computer language. Therefore, one might ask “Why is ROSE calied a
knowledge-based expert system?" and, "What has ROSE in common with expert
system technology or with artificial intelligence technology?"

To answer the first question, it is realized that the term "expert", as
applied to ROSE, does not have a traditional engineering meaning.
Engineers usually refer to experts as those professionals who can provide
solutions when an unexpected situation arises and textbook engineering
solutions fail. The existing expert systems do not deal with unexpected
problems. However, it has become customary to call computer programs
involving many heuristic factors and rules “expert systems", or
knowledge-based expert systems.

Regarding the second question, ROSE benefits from artificial intelligence
techniques in several ways. Without expert system techniques, such as
knowledge acquisition and coding, and evidence that computers can
generate solutions for problems previously considered not amenable to
computerization, we would probably not even attempt to develop ROSE.
Furthermore, the development, testing and calibration of a prototype ROSE
version was made much easier and efficient by using the inference engine
and editing features of the EXSYS expert system development package (and,
of course, the interactive mode of ROSE runs under EXSYS and uses its
user interface). It is thus possible to realize significant productivity
advantages in developing prototype expert systems, or other computer
programs, using artificial intelligence techniques (for example,
mechanical interpretation of the knowledge base by an inference engine),
even though the finished expert systems, or computer programs, may not
employ any artificial intelligence techniques at all [24].

EXSYS, as well as most of the existing rule-based expert system
development software, despite many advantages, does not yet represent an
"“ideal" programming environment. For example, it requires use of domain
rules to create contextual assertions that control the application of
other rules. This has several implications:
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a/ The system developer must possess the combined skills of a domain

b/

c/

expert and a programmer. Of course, if the development work is done
by a multidisciplinary team, this should not be a problem. Also, the
in-house programming support, which is usually readily available in
large organizations for conventional programming, may not be available
for the selected expert system software. '

Because the order of the rules and their context may be important, it
is not always easy to change the knowledge base (rules).

The system developer may be the only available person to institute any
programming changes in the system. Experience shows that the cost and
effort required for life-cycle maintenance of computer systems are
often quite high.

There is a definite need for better and more powerful expert system
development software.
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9/ CONCLUSIONS AND RECOMMENDATIONS

Expert system technology can improve the design, planning and
programming of pavement preservation treatments. This can be achieved
by efficient and consistent utilization and application of encoded
composite knowledge and experience of many pavement engineers. At a

project level, knowledge-based expert systems can recommend routine
maintenance and rehabilitation treatments enabling experts to
concentrate on more difficult tasks. At network level, these systems
can quantify the consequences of pavement preservation policy
decisions for planning and programming. »

ROSE, an expert system for recommending routing and sealing of asphalt
concrete pavements in cold areas, can quickly and reliably analyse and
rank pavement sections in terms of their suitability for routing and
sealing.

. The routing and sealing recommendations given by ROSE and their

correctness are governed by the preliminary routing and sealing
guidelines. Any future changes in the guidelines should be also
incorporated into ROSE.

Because of huge investment in existing pavement management systems,
knowledge-based expert system technology must be integrated and made
fully compatible with the existing pavement management processes.

. Knowledge systems development software should be further improved to

provide a better programming environment for organizing and applying
domain knowledge and to lessen the need for including control strategy
in the knowledge base.

Significant productivity advantages can be realized using expert
system technology in prototype development and testing even though the
final expert system may use only traditional programming techniques.
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7. Expert systems can fully utilize all available data for the selection
of practical pavement preservation treatments. These practical
treatment alternatives can then be used as input for programs
optimizing allocation of pavement preservation funds [25].

8. Due to their potential for increasing effectiveness through
improvement of pavement management information, the development of
knowledge-based expert systems should continue. The main advantage of
these systems is seen in their ability to utilize detailed, technical
site-specific data for network-level decisions.
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Table 2/ Guide for Describing Density of Pavement Distresses

For all
Class o DIEstresstes For Transverse
or Description Trane e Cracking Only
Code Cracking*
Cracks (fult and/or half
1 < 10% Few cracks) are more than about:
(]
40 m apart
No set pattern.
2 intermittent 10 - 20% Cracks (full and/or half) are about:
30 to 40 m apart
A set pattern.
o Frequent 20 - 50% Cracks (full and/or half) are about:
g = o
20 to 30 m apart
Rather regular pattern.
4 Extensive 50 : 80% Cracks (full and/or half) are about:
10 to 20 m apart
Regular pattern.
5 Throughout 80 - 100% Cracks (full and/or half) are
less than about:
10 m apart

* Based on percent of surface area within the PMS section affected by distress.

Source: Reference 5.



- 27 -

“A3TTTIqeaTSap S3%Y I10J JUSTOTIF0D uoT3edTTdTIITnR
-s)oeID @[qeTess Iayjzo Aq IO s3oeID osieasuex] Aq paursaob sT AJTTTQeRITs9p S$3Y JT sSauTwIalag
‘JTeY ©SIoAsSuURI} JO 3JUIIXd aaTe[aI Sjeurxoxddy
‘yJTey asIsAsueRIj] JO AJTTIQRITNS S23edTpul

ssyoexo ardrjrnuw ¥ TINF

*s34 I0J syoexd aydrarnw ¥ TTNJ

.mxomuo‘wanmamwm Jo juajixe aaTjeraxr ajewrxoxddy
*"I9TJTPOW SS8x13sTQ burydead

INALXT
- Wao
HAOOIUL
- INALXd
dSYd :pusbaq

1

uojuios1g
0 0 o0 2zo0o 90|l 0 0o o0 20 60/ 0 0 v'O 80 60{60 80 I 1 S Lot (S Nao pue ‘BUNINY NoBAL |eeym
Bujaoys pue Buiddiy ‘Bujysniy
0 0 1'0 CTo vo 0 t'0 0 90 ! 5 8 i e 8 [} i 3 3 3 L 3 3 i [ Wao sso BBy ‘D pue Bujjesey
0o o0 o0 20 90| 0 0 0 €0 80 06 0 +'0 ¥O0 6°0/+0 2°0 €0 9°0 60|40 2O YO L0 } wao | 0By
(1] 1] 0 0 0 0 0 0 0 8 14 € S°¢ t4 3 14 € 4 8 S0fS'L 8 s'0 0 (1] JILEIVE] e|diiny eBp3
puB jueweard
ojBuis
0 o0 10 vo 20| 0 €0 90 20 60|L008e0 60 [ T W S ¢ 1 L [ (S Wao
o 0o o0 o0 o 0 o o 0 t ]l v ¢ se 2 L]ls v 2 L oso)l 2z 4 L s0 0 NI
wopuegy
0 0 0 €0 20| 0o t'0 ¥o 90 60900 8060 |+ b o+ b Ll o1+ Wao
0o 0 o 0 o 0 o 0 0 t| £t s sv T Lls ® T + Ssofce L L s0 0 IN3DA
eusipiy pue
0 0o 1+'0 €0 20| 0 L0 ¥0 90 60/ 9°0 20 80 60 |+ + b & ' L (S (S Nao epuvepy jeuipnibucy
o o o zo 80| 0 0o 10 €0 80/ 0 ©0 L0 vOo 60|10 TO €0 90 60|L0 Z0 ¥O L0 I NGO 1o01eBiy m
o o o o ol o o o o 1| 8 2 s z 1]ls v oz L oso| 2 L L+ so o IN3IX3 rdnini euietues m
pus m
6 o 0 vo 20| 0 €0 90 20 6090|2080 60 1 O I S W TS T Y (S (S NaO olfuig
o o o o soflo o o o 90 o o o o 200 o o €08e0f0 0 0 ¥vO0 80 WQO | 1088y
bl e T ¢+ so o HIBIL leoum
o o o o o0o}lo0o o o o z ] ¢ s s v ¢|e 9 v z IN3DE oW | jourponiBucy
pue
0 0 10 €0 L0] 0 L0 ¥O 90 60| 9020 8060 |+ L & 'S It Lt [ Nao eibuis
o o ¢ o 90/l 0o o o o0 90f 0 © o o 2o/ 06 ©0 o €0 eclo ©0 O ¥vO 60 Wao 10261y
o o o o oo o 0 0 €} 8 9 s v z|l 8 9 ¥ z +t]le 2z + so o IN3IX3 esieAsuesy
TRoouL | PUe ind ‘lieH
6 o0 o o +]o 1 [ SR v| £ s 9 8 2|8 ob 2 e L]l e T L0 asva
HHL 'AX3 034 CINI M3 | BHL CIX3 04 INL M3d| UHL IX3 O34 CINI M3d|HHL CIX3 O3Wd NI M3d[HHL CIX3 03Hd CINI M3 H313WVHVd INVN
FHIAISAUIA S JUAATS ¥ 31VUIAON € 1HOIS "2 IHONS AH3A b

ALISN3A ANV ALIM3AIS ‘NOILIGNOD SS3HLSIa

NOILV1S34INVN SS3H1SIA INFWN3AV]

§9880I318( 9DvJINg juswaavl 10J SIdjowwaey peseq-afpafmouy jo uofledjifiuend /¢ 91qel



- 28 -

Table 4/ Quantification of Knowledge-Based Parameters

VARIABLE OR FACTOR EXTENT OR RANGE
Range, PCl | 0-59 60 - 65 66 - 69 70-74 | 75andup
PG :
CCM 0 0.2 05 0.9 1.0
Range, yr. 1-8 9-12 i13-15 | 16and up -
AGE
CCM 1.0 0.9 0.8 0.7 -
MAINTENANCE TREAT. | Extent, % <10 10-20 20-50 | 50-80 | 80-100
Manual Patching 0.9 0.5 0.1 0
Machine Patching 1.0 0.7 0.3 ;
Spray Patching CcCM 0.9 0.5 0.1 0
1
Rout and Seal Cracks ) 1.1 1.0 0.9 0.8 0.7
Chip Seal 09 05 0.1 0 0
0-10 . - _
SECTION LENGTH Range, km | 10-15 >15
CCM 1.0 1.05 1.1 - -
Pavement Structural Characteristics
TOTAL THICKNESS ) | Range,mm | <50 50 -70 70-90 | 90-100 >100
OF N
CCM 0 . . 0.9 1.0
ASPHALT CONCRETE 05 08
PCC BASE OR PC Rangs, RSP 0 1 2-4 5-6 7-9
TREATED BASE PM 5 7 8 9 10
OVERLAY OF
ASPH. CONC. PAV. Range, RSP 1 2-3 4-5 6-7 8-9
WITH STEPPED
TRANSVERSE PM 2 4 6 8 10
CRACKS

Legend: CCM - Cracking Condition Modifier. Multiplication Coefficient
for R&S Desirability.
RSD - Routing and Sealing Desirability.
PM - Adjusts R&S Desirability according to pavement structural data.

Note: 1) - Applies only to pavements with granular or asphalt
concrete bases.
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Table 5/ Example of R&S Solution by ROSE

Given:

A two lane, 9 km long, 10-year old pavement section. It has 80 mm

thick asphalt concrete layer placed over a granular base. Its PCI is

equal to 70, and the section has only three surface distresses

(unusual but simple):

a) Transverse cracking (half, full and multiple) which is rated as
slight, and occurring extensively.

b) Centerline cracking (single and multiple) rated as slight and
frequent.

¢) Wheel track rutting considered to be slight and extensive.

In addition, there are also few manual patches.

Task:
Estimate R&S desirability for this section and an approximate cost of

R&S it.

Solution by ROSE:

1. Considering transverse cracking, BASE value is 10 (Table 3) and
the R&S desirability is governed by transverse cracking
(Figure 2). EXTENT/TRIGGER is 6.

2. Considering centerline cracking, CDM is 1, and EXTENT is 2
(Table 3).

3. Considering wheel track rutting, CDM is 0.9. (There is no EXTENT
because rutting is not a sealable distress.)

4. PCI has the corresponding CCM equal to 0.9 (Table 4), CCM for age
is 0.9, CCM for a few manual patches is 0.9, CCM for length is
equal to 1, and CCM for total thickness of asphalt concrete is
0.8.

5. MODIFIED BASE = 10 x 1 x 0.9 x 0.9 x0.9%x0.9%x1x0.8=
= 5,2 (based on equation in Figure 2).

6. ZEXTENT = 6 + 2 = 8

7. MODIFIED BASE is adjusted by a multiplication coefficient of 0.9
(the amount of cracks to be R&S is considered to be somewhat on a
low side) resulting in 4.7 (5.2 x 0.9).

8. The amount of cracks to be R&S (AMOUNT) is estimated to be 663 m
per km. The estimate is done using equation:

AMOUNT = 104 x ZEXTENT - 165, where AMOUNT > O.
The above equation was developed using engineering judgement.

Report by ROSE:
1. Desirability of R&S: 5 (rounded from 4.7).
2. Amount of sealable cracks: 663 m per km.

Conclusions:

1. The section may still benefit from R&S. However, do not R&S before
considering first sections with higher R&S desirability than 5.

2. Assuming R&S cost of $1 per m, the total cost is estimated to be
$6000.
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Table 6/ Listing of All Pavement Management Sections in
Southwestern Region with R&S Desirability of 9

c—e=RSDEG-mmm

0BS RSD [ 4RS OFFSET LENGTH DIST PCR AGE BASE RSCG AMOUNT  TOTAL

479 9 12170  16.0 16.0 1 90 2 1o 20 663  10608.90
%BO 9 2%930 0.6 17.0 1 85 % 8 20 1183 20111.90
481 9 29210 4.0 2.9 1 88 & 10 20 B59 1621.1
%82 9 47920 6.0 24.0 1 78 5 8 20 923  22152.0
%83 9 29168 6.0 14.0 1 86 & 10 20 455 6370.8@
484 9 11840 9.0 5.5 2 90 & 8 20 1027 5648.5
485 % 15190 1.3 16.0 3T 91 1 10 20 559 89464.0
486 9 24070 1.6 18.90 3 8 5 8 20 923  16614.0
487 9 38400 0.6 23.0 3 75 7 8 20 1679 24817.0
488 9 24510 0.0 25.8 3 75 8 8 20 15647  38675.0
LEGEND:

RSD - Routing and Sealing Desirability

OBS - Section number. Sections are sorted according to RSD.
The total number of sections analyzed in Southwestern
Region was 488, |

LHRS Section identification parameters used by Location

OFFSET Referencing System [22]

LENGTH - Section length in km

DIST - MTC District number

PCR - Pavement Condition Index

AGE - Pavement age in years

BASE - Defined in Table 3

RSCG - R&S classification category. 20 indicates that the

section should be routed and sealed within one year.
AMOUNT - Estimated amount of cracks to be routed and sealed
in m per km.
TOTAL - Total estimated amount of cracks to be routed and

sealed in m per section



Interactive Mode

Hardware: IBM-PC
Software: EXSYS 3.0
DOS3.1*

EXSYS l

User Interface

Input data supplied by user
when prompted by system.

Input data obtained from
the Data Bank, Pavement
Condition Evaluation Form,
or on-site observation.

> INPUT DATA %

Knowledge | Inference
Base Engine

EXSYS code processes
one pavement section.

KNOWLEDGE
BASE AND
DECISION

LOGIC

User Interface

R&S recommendations
for one section

OUTPUT

* Disc Operating System
** Time Sharing Option

t+ User data are stored in FOCUS files.
FOCUS is software for information retrieval and data management [6].
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Automatic Mode

Hardware: IBM mainframe
Software: FOCUS, SAS,
VS FORTRAN, TSO™

'

Pavement Management Information
Data Bankt

v

SAS program extracting relevant input data.
Creation of input data set.

v

FORTRAN code processes many sections.
Creation of a raw output data set containing
R&S recommendations and section identi-
fications for many pavement sections.

SAS program(s) sorting and graphing data
contained in the raw data output set.

Creation of the presentation-ready results.

Figure 1/ Overall Architecture of ROSE
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Figure 2/ General Decision Model for R & S Expert System (ROSE)
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Figure 3/ Location of Southwestern and Northern Regions

Source: Reference 23
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Figure 4/ Routing And Sealing Recommendations For All Sections in

Southwestern And Northern Regions
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Figure 5/ Cost Of Routing And Sealing Recommendations tige
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Figure 6/ Consequences Of Different Routing And Sealing Policies
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