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QUALITY ASSURANCE/QUALITY CONTROL IN CONSTRUCTION:
EXPERT SYSTEMS DEVELOPMENT FOR MULTILEVEL
EXPERIENCED USERS

1 INTRODUCTION

Background

The state of the economy has forced the construction industry to optimize its oper-
ations where possible. The U.S. Army Corps of Engineers (USACE) military construction
program, too, is facing this challenge as defense spending cutbacks are likely to con-
tinue. Compounding the economic situation is that advances in technology have
increased construction rates as well as created inore complex construction practices in
some cases.

The impact of these conditions on construction quality has been accentuated by a
declining number of quality assurance/quality control (QA/QC) staff. To supplement the
capabilities and improve the productivity of QA/QC personnel, many emerging computer
technologies are being investigated. One very promising approach is the use of expert
systems, a new computer technology that allows an "expert's" knowledge to be encoded
for later use by persons with less expertise. An expert system allows a user to access the
expert's knowledge rapidly and easily.

As an example, an expert system could be developed for roof construction. This
system would contain roofing knowledge from both the literature and experts' minds.
The system could be used by engineers or others to supplement their experience in one of
three modes: (1) as a tutor, by asking the user questions and explaining why the questions
are asked, what conditions are necessary for certain problems to occur, etc., (2) as a
backup to reinforce a "gut feeling," (e.g., that a certain condition was the problem), and
(3) as an analyst of all factors affecting the situation, i.e., many factors may combine to
cause a problem and it is difficult to analyze all of their effects and impacts without
having an expert's knowledge on the topic.

The development of expert systems for field applications must take into account
the user's level of expertise in the domain. Often, however, all potential users' knowl-
edge about the domain ranges from a limited amount to a level approaching that of an
expert. Thus, during the development of many expert systems, the precise level of user
knowledge is unknown and may vary widely for a particular group of users.

This wide range of users' familiarity with the domain introduces problems with sys-
tems that offer only heuristic knowledge (see Chapter 2). While systems that provide
expert heuristics may be suitable to users who understand the domain, those who are not
as knowledgeable may have difficulty in understanding many of the explanations and lines
of reasoning that the expert system may provide. There is a great demand for a method
of introducing flexibility into an expert system so that different levels of users can be
accommodated.




Objective

The objective of this study is to assess the current state of the art in development
of expert systems for a user group with a wide spectrum of domain knowledge and to
develop models for designing such systems.

Approach

The literature was surveyed for current research dealing with multilevel domain
knowledge across a user group. Next, decision models were developed to handle the dif-
ferent levels of knowledge and then implemented in a prototype expert system. Finally,
the models and implementation were critiqued in view of available expert systems tech-
nology. Future needs were also assessed to identify research directions that offer poten-
tial in solving some of the problems in application.

Scope

This work is aimed at identifying methods of developing expert systems for user
groups with a wide range of domain knowledge, including those for which the user groups
are not known. This study is not intended to be an introduction to expert systems, nor
does it attempt to identify a general solution applicable to all existing expert system
shells.

Mode of Technology Transfer

Information in this report will be used in developing expert systems-based knowl-
edge acquisition and knowledge engineering tools for QA/QC in military construction.
When these tools have been completed and pilot-tested successfully, they will be trans-
ferred to the field through onsite training, tutorial, and hands-on experience. In addition,
they may be transferred to industry through mechanisms such as Cooperative Research
and Development Agreements.
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2 LEVEL OF USER DOMAIN KNOWLEDGE

One of the leading researchers in the area of expert systems, Edward Feigenbaum,
has given the following definition of an expert system:!

[An expert system is] an intelligent computer program that uses knowledge and
inference procedures to solve problems that are difficult enough to require signifi-
cant human expertise for their solution. Knowledge necessary to perform at such a
level, plus the inference procedures used, can be thought of as a model of the
expertise of the best practitioners of the field.

The knowledge of an expert system consists of facts and heuristics. The
facts' constitute a body of information that is widely shared, publicly available,
and generally agreed upon by experts in a field. The ‘heuristics' are mostly private,
little-discussed rules of good judgment (rules of plausible reasoning, rules of good
guessing) that characterize expert-level decision making in the field. The perform-
ance level of an expert system is primarily a function of the size and the quality of
a knowledge base it possesses.

The first step in developing an expert system is to identify (1) the limited topie
area, or domain, for which the system is needed and (2) identify tne users. If the domain
is too large, the resulting system might never be completed and not include all of the
rules necessary to cover that domain, rendering the system less than adequate for its
purpose. It is helpful to know who the users will be so that explanations contained within
the system and the user interfaces are adequate. The user must feel comfortable with
the system through its interface as well as with the presentation of the intended infor-
mation. Once these two items are identified, development of a useful system can begin.

Expert systems are composed of two main parts: (1) the knowledge base and (2) the
inference engine. The knowledge base contains information in the form of facts and
heuristics about the particular domain. This information is gathered by a process called
"knowledge acquisition" and is converted into "rules" that can be understood by the com-
puter. The second part, in the inference engine, looks at the knowledge base and decides
which questions to ask the system users to help them solve their particular problem. In
operation, system users are prompted by the computer for information about the situa-
tion. Based on the answers, the expert system will be able to reach a conclusion and
explain why that conclusion was reached. The user may also query the system during
consultation about why it is asking particular questions.

The quality of an expert system is reflected in both its ability to make proper deci-
sions and to explain those decisions in a way that is understandable by the user.? How-
ever, many of the explanation facilities of existing systems leave considerable room for
improvement in these areas.? One reason for the perception that explanation levels are
poor may be the user's expectations and the level of information required to explain an
expert's reasoning.

1A. Barr and E. A. Feigenbaum, The Handbook of Artificial Intelligence, Vols I through III
(Heuristech Press, Stanford, CA, 1981).

2E. H. Shortcliffe, Computer-Based Medical Consultations: MYCIN (North-Holland,
Amsterdam, 1978).

3D. C. Berry and D. E. Broadbent, "Expert Systems and the Man-Machine Interface,”
Expert Systems (October 1986).




Knowledge levels in expert systems are classified as two types: (1) surface or shal-
low knowledge and (2) deep knowledge.* Surface knowledge is of the type gained by an
expert over a period of time through experience with a particular domain. It consists of
heuristics or "rules of thumb" that the expert uses in making decisions. Deep knowledge,
on the other hand, is more like the formal knowledge gained from textbooks and other
educational experiences. Often, when experts elucidate their knowledge, the
fundamental scientific principles on which a decision is based have been forgotten and
the resulting reasoning that becomes encoded into the expert system is shallow and does
little to help some users understand how a particular decision was reached. The lack of
deep knowledge is one of the major complaints from persons using today's expert
systems.5 The adequacy of explanations for a particular user is directly related to the
domain knowledge which that user has.

Past development of expert systems has shown that the user must become involved
early in the process to ensure suitable system performance.® However, in developing
some systems, the potential user is not known and the system cannot be tailored for a
particular user level. In this case, it is necessary to design the system with enough flexi-
bility to handle users who are at different levels of domain knowledge. This is a major
issue in creating expert systems today and different approaches have been adopted to
deal with it.

One method of accommodating multiple levels of user domain knowledge is to in-
struct users at the beginning of the session to assign themselves a knowledge level. The
system then selects responses for explanations and reasoning appropriate to that level.
Another technique is to have the system ask the user questions about the domain at the
beginning of a session, and then determine the user's level of expertise from the answers
given. There is also the more complex approach of developing a "user model" that learns
what the user knows and tailors its responses accordingly.” However, this work is in the
conceptual stage, with only very simple models developed to date.

All previous expert systems development for real applications have assumed that
the users' level of expertise must be taken into account. In contrast, the approach
adopted in this study is to consider methods of developing expert systems that would be
independent of the user's domain knowledge.

“P. Harmon and D. King, Expert Systems (John Wiley and Sons, 1985).

5B. G. Buchanan, "Expert Systems: Working Systems and the Research Literature,"
Expert Systems (January 1986).

$D. C. Berry and D. E. Broadbent.

D. C. Berry and D. E. Broadbent.




3 CONF'ILTATION AND TUTORIAL EXPERT SYSTEMS

Expert systems are distinguished from other types of software by their basic strue-
ture and by the way information is presented to the user. As mentioned in Chapter 2, an
expert system consists of a knowledge base containing encoded knowledge and an infer-
ence engine that uses the knowledge base in reasoning about a particular problem.
Expert systems are unique in that, first, the knowledge is separate from the inference
mechanism and, second, they are able to explain their reasoning. Several packages
referred to as "shell” systems are available that provide the inference engine but allow
the programmer to "plug in" a knowledge base for a particular application. These
systems reduce the time required for system development but also limit the program-
mer's flexibility and options in designing the system. Shell systems are largely based on
production rules, which are of the form:

IF <condition> THEN <action»>,

where the condition can be further expanded to include logical conditions and implica-
tions. This is the primary rule of inference from which production rules are based and is
called modus ponens.®

In addition to the inference engine, most shells have a compiler that allows easy
modification and addition to the knowledge base. The syntax for each shell is unique and
may offer specialized features that allow for optional types of control. In this way, the
programmer has some flexibility in tailoring the system for the user. All shells have the
basic ability to represent rules, and second-generation shells have increasingly improved
their explanation facilities over earlier versions.

The areas of application for expert systems and the types of problems involved
are:?

o Interpretation--inferring situation descriptions from sensor data
o Prediction--inferring likely consequences of given situations

o Design--configuring objects under constraints

e Planning--designing actions

e Monitoring--comparing observations to plan vulnerabilities

e Debugging--prescribing remedies for malfunctions

e Repair--executing a plan to administer a prescribed remedy

e Instruction--diagnosing, debugging, and correcting user behavior

o Control--interpreting, predicting, repairing, and monitoring system behaviors.

8B. G. Buchanan and R. O. Duda, Principles of Rule-Based Expert Systems, Fairchild
Technical Report No. 626.
F. Hayes-Roth and D. A. Waterman, Building Expert Systems (Addison-Wesley, 1983).




This list points to the lack of integrated instructional knowledge in expert systems
and separates instructional applications as unique. However, there are expert systems
that provide not only expert-level knowledge but also the deep knowledge that reasons
and explains using basic principles. These types of systems have been categorized as
"intelligent computer-aided instruetion (ICAI)," aithough some of them have been imple-
mented as expert systems.

An ICAI system’'s main components are the problem-solving expertise that is to be
transferred to the user, the model of the user's knowledge, and strategies for tutoring the
user.!® One example of an expert system used for this purpose is GUIDON which was
developed by William Clancey at Stanford University.!! Conceptually, this system is the
reversal of MYCIN, an expert system for medical diagnosis of blood diseases, in that it
gives the user a patient to diagnose and then acts as tutor during the process. GUIDON
has all of the knowledge that MYCIN contains and also uses all case experiences on which
MYCIN had consulted. To reverse the system, it was necessary to build an inferencing
mechanism that would deal with the program's tutoring aspects. When the user would ask
a question about the patient, the system would analyze the relevance of the question and
react accordingly. If the user made a diagnosis without enough information, the system
would properly tutor the user to see the mistake. Again, though, as is the problem with
other expert systems, the user was assumed to be at a certain level and basic definitions
were not provided. However, GUIDON is an example of a system in which one of the two
essential requirements was satisfied--that of providing the proper level of process tutor-
ing.

Another system, developed by Allan Collins and Albert Stevens and named WHY,
deals with both processes and factual information.!? The system tutors users in the
causes of rainfall, which is 8 complex process involving a high level of factual informa-
tion. In this system, production rules are made to represent tutoring heuristics. The
user's misconceptions are categorized into a set of goals that will provide questions and
answers to assist him/her in clarifying areas of weakness.

One of the main distinctions between these systems and commercial expert systems
is that of the developmental environment. These systems were created using the
resources of academia and the programs were developed from the ground up, so to
speak. This process differs from shell system development in that the programmer who
uses a shell system constructs only the knowledge base and has no access to the infer-
encing mechanism. Although the shell allows quicker development of a prototype sys-
tem, there is less flexibility to adapt the features to a particular application. The type
of user interface that occurs is subject to the shell's limitations as well as the pro-
grammer's style. A method of using commercially available shell systems to improve the
user interface and, therefore, the explanation facilities is needed. In particular, when
the users have differing levels of domain knowledge, a method of providing system flexi-
bility is needed. Such an improvement would allow the programmer to enter both process
knowledge and factual knowledge that would be available to the user upon request and in
a form consistent with the user's knowledge about the domain.

10A, Barr and E. A. Feigenbaum.
11p, Harmon and D. King.
127, Barr and E. A. Feigenbaum,

10
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4 A MODEL FOR HANDLING USERS' MULTILEVEL DOMAIN KNOWLEDGE

Misconceptions and Their Remedies

In a tutoring expert system, there are five types of misconceptions a student can
make, each with its own remedial activity:'?

1. Factual bugs. The tutor deals with these misconceptions by correcting the stu-
dent. The teaching of facts is not the goal of tutoring; interrelations of facts
are more important.

2. Outside-domain bugs. These misconceptions are about causal structure, which
the tutor chooses not to explain in detail.

3. Overgeneralization. When a student makes a general rule from an insufficient
set of factors, the tutor will find counterexamples to probe for more factors.

4. Overdifferentiation. When a student counts factors as necessary when they are
not, the tutor will generate counterexamples to show that they are not.

5. Reasoning bugs. Tutors will attempt to teach students skills such as forming
and testing hypotheses and collecting enough information before drawing a con-
clusion.

These five misconceptions can be grouped into two basic categories:

o Reasoning errors. The user does not understand the relationships between the
parameters and how they are used to reach a conclusion.

o Factual errors. The user does not understand basic definitions and elements
associated with the domain.

The types of errors differ for each user, particularly when a wide or unknown range
of domain knowledge exists across the user spectrum. Although explanation facilities are
provided with commercially available shell systems, they may be insufficient for some
users. Similarly, the level of reasoning that an expert provides for a conclusion may not
be clear to all users. A solution to these two user interface problems must include
greater depth in the knowledge base as well as effective organization of the rules to pro-
vide clarity at a level comfortable to the user.

Example Tutorial System

To address the above issues, an example is helpful in demonstrating the basic con-
cepts involved. Consider the problem of diagnosing the malfunction of an automobile
that will not start. The following conclusions are possible, depending on the conditions of

various components within the automobile:

o The battery is dead or lacks enough charge

13A. Barr and E. A. Feigenbaum.

11




e The starter is broken

o The car is out of gas

e The fuel system is faulty

e The carburetor is malfunctioning

e The ignition system is faulty

o There are other mechanical problems.

The following parameters, definitions, and values are necessary to identify the mal-
function:

—> What is the condition of the starter?

(1) The starter is working normally
(2) The starter is turning slowly

(3) The starter is clicking

(4) The starter is not doing anything.

Parameter definition. The starter is an electrical motor that turns over the engine
in order to start it. Typically, the ignition key must be turned clockwise as far as pos-
sible to activate the starter. If the starter is working normally, the motor will emit a
mild, rather uniform grinding noise. If the noise seems to speed up and slow down
noticeably, then the engine is probably turning too slowly. If there is only a clicking
noise or no noise at all when the starter is engaged, it is not working properly.

—> Are the lights working normally?
(1) Yes, the lights are working normally
(2) No, the lights are dimmer than usual
(3) No, the lights are not working at all.

Parameter definition. The "lights" refer to the headlights of the automobile. When
they are working normally, they emit a bright, white light. When there is a malfunction,
they will be dim and emit a yellowish light or no light at all.

—> Does the gas gauge indicate that there is any gas?

(1) Yes, it shows that there is gas in the car
(2) No, it shows that there is no gas.

Parameter definition. The gas gauge has two letters on it: E &nd F. If the needle
is pointing to the E, it indicates that there is no gas in the tank (i.e., "empty"). If the
needle is pointing between the E and F or is pointing to the F (i.e., "full"), then there is
gas in the tank.

-—> Is gas reaching the carburetor?

(1) Yes, gas is going into the carburetor
(2) No, gas is not going into the carburetor.

12
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Parameter definition. Gasoline goes into the carburetor through the fuel line. This
condition can be checked by disconnecting the fuel line at the carburetor and observing if
any gas is present. During a start, gas should pump out of the fuel line, indicating that it
is reaching the carburetor.

—_> Is any spark present at the sparkplugs?

(1) Yes, there is spark at the sparkplugs
(2) No, there is no spark at the sparkplugs.

Parameter definition. The presence of a spark at the sparkplugs can be detected by
a small penlike instrument that is placed next to the sparkplug wire. If spark is present,
the instrument will glow. Alternatively, if the wire is removed from the sparkplug and
positioned within a quarter inch of the sparkplug tip, the spark will be observable when
cranking the engine. An observable spark here also indicates the presence of spark.

Rules that will be used to diagnose the problem are:

1. IF (the starter is not working normally)
AND (the lights are not working normaily)
THEN [Check the battery and its connections].

2. IF (the starter is not working normally)
AND (the lights are working normally)
THEN [Check the starter and its voltages].

3. IF (the starter is working normally)
AND (the gas gauge indicates that there is no gas)
THEN [Put gas in the tank].

4. IF (the starter is working normally)
AND (the gas gauge indicates that there is gas)
AND (no gas is going into the carburetor)
THEN ([Check the fuel system for malfunction].

5. IF {the starter is working normally)
AND (the gas gauge indicates that there is gas)
AND (gas is going into the carburetor)
AND (there is no spark present at the spark plugs)
THEN [Check the ignition system for a malfunetion].

6. IF (the starter is working normally)
AND (the gas gauge indicates that there is gas)
AND (gas is going into the carburetor)
AND (there is spark present at the spark plugs)
THEN [Check the engine for mechanical problems].
A decision tree representing these rules is shown in Figure 1.

For this simple demonstration, backward chaining will be used and the rules will be
ordered as indicated above. The following conventions will be used:

e ? - Question to obtain parameter value

e () - Selected parameter value

13
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e []- Conclusion or recommendation.
e __ - Flow of control.

At the beginning, the system will try to prove the first rule by prompting the user
for the condition of the starter. The user may ask for an explanation of the question or
the reason that the question is necessary. The explanation is the same as that denoted by
"parameter definition™ above. The reason is derived from the rule that the system is try-
ing to prove. At this point, the system will answer something similar to:

I am trying to determine if the battery is dead, which would be indicated
[F:

The starter is not working normally

AND:

The lights are not working normally.

This explanation is developed directly from the rules and parameter definitions.
Likewise, if the user indicates that the starter is not working normally and the lights are
not working normally, the system will give the following conclusion:

Conclusion: the battery is dead or undercharged.

At this point, the user may wish to ask the system how or why it reached this con-
clusion. The system will generate an answer from the rule that led to this conclusion:

When the lights are not working normally and
the starter is not working normally, then

it is usually the case that the battery is dead
or has too little charge.

Many expert systems associate statistical values with their conclusions and allow
probabilities to be associated with levels of confidence in the answer that the user
gives. Although these options can indicate accuracy, they do not affect the basic
explanation facilities used. In this example, the user would have the basic interface
shown here and answers would reflect current rules and applicable parameter values.

When the user reaches rule 4, it is questionable whether he or she would be able to
perform the check for gasoline going into the carburetor. Any mechanic (professional or
backyard) would have little trouble in checking this condition, but if the user is a typical
layman, the explanation facilities would do little to help in accomplishing the task. At
this point, the user would lack factual data about the engine and should be tutored
through information that would develop the necessary competence. As an alternative,
the system could allow diagnosis at a lower level--one that would more closely adhere to
the domain knowledge of the user. For example, consider the following interaction:

Is gasoline going into the carburetor?

(1) Yes, gas is going into the carburetor
(2) No, gas is not going into the carburetor
(3) Idon't know how to check for gas.

When the user selects option 3, it indicates to the system that this particular user
is not very knowledgeable about the domain and that either a different type of diagnosis
must be performed or tutoring must be provided. If tutoring is offered, it must bring the
user to a level at which the questioning can be resumed at the point where it ended, or
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allow the user to leave the program with the assumption that the tutorial was the desired
consultation. If lower level diagnostics are required, then new rules must be generated
to provide adequate reasoning and explanation facilities for the user. These rules could
be either transparent to the user or used directly to set the value of the parameter about
which the user needed further direction.

To demonstrate these three different approaches, decision trees were developed.
Figure 2 shows how a tutorial would fit into the present rule structure. As indicated, the
diagnostic session would be suspended and an explanation session would be initiated to
enlighten the user about the parameter appearing at the present node. In Figure 3, the
user enters an aiternative diagnostic tree that will communicate at a lower level to ob-
tain the value of the parameter. This branch continues directly into the original branch
that would have been next and becomes part of the tracing mechanism used in the
explanation. Figure 4 shows the final configuration, which provides a tutorial for the
user but exits the program without returning to the node at which the separation from
the consultation session occurred.

The first and third examples (Figures 2 and 4, respectively) can be implemented by
using shell features or by cleverly coding rules. The second example (Figure 3) is imple-
mented directly with rules. Each of these examples affects the explanation facilities in
a different way. In example 1, the explanation facilities would change while the user is
within the tutorial portion of the program. In this case, the level of user domain knowl-
edge is below that necessary to understand the explanations; the expert consultation is
suspended temporarily while the user is tutored to a level at which the system explana-
tions are clear. The programmer must develop rules and sequences of explanations that
will be able to recurse to the user's level and bring about a higher domain knowledge--up
to that necessary for an understanding. Within this tutorial, though, the rule structure
must be developed carefully so that the automatic explanations provided by the shell sys-
tem are clear and understandable by the user. Once the user is returned to the level at
which expert consultation had been suspended, there will be nothing remaining of the
rules in the tutorial that had occurred.

Tutorial
Ruies

Figure 2. Model 1.
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In the second example, the user's domain level determines the rules used to pose
questions and explanations that are at a lower level of domain knowledge. The explana-
tions generated by the shell will include information at that level throughout the entire
consultation and there will be no separation of tutoring and consulting.

In the third method, the value of the parameter would be found similarly to that in
the second method, but after this value has been determined by another method, it will
be accepted by the program as the conclusion and no further consuitation will be pro-
vided. These three methods allow the user's domain knowledge level to be detected and
the sequence of questions and explanation to be altered. This is done by either bringing
the user's knowledge level up to a point at which the explanation facilities are clear or by
altering the explanations and questions to conform more closely with the user's domain
knowledge. Use of these techniques in shell systems may either offer potentially better
alternatives or cause difficulties, depending on the flexibility of a particular shell to
implement these models with a suitable user interface.
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S MODEL IMPLEMENTATION

To test the models proposed in Chapter 4, they were implemented on an actual
expert system developed at USA-CERL using the ESP/Advisor shell. The ESP/Advisor is
a commercially available expert system development shell available from Expert Systems
International. The application for which the shell system was used is the repair of built-
up roofing systems. This expert system was developed through the prototype stage to
allow realistic testing of the models. The program is called "Expert System Program for
Roof Maintenance (ESROM)."

The ESP/Advisor shell allows the programmer to present textual information about
the domain at any time during a consultation session. The shell is based on PROLOG
code, and the programmer can add PROLOG to the system to accomplish procedures that
are not available in the package. This feature is referred to as "open-ended architec-
ture® and increases the flexibility of the system. The knowledge base is written into a
"knowledge representation language" file that is compiled into a knowledge base in a
form that the PROLOG inference engine can handle. The syntax of the knowledge repre-
sentation language allows numerical and string variables of several different types, a
feature that increases the flexibility and categories of knowledge that can be repre-
sented. These variables include facts, categories, numbers, and phrases.

Facts are binary values that can be associated with a yes or no answer. Numbers
can be either integer or floating-point decimals, as well as scientific notation. Cate-
gories can take any number of string values specified by the programmer whereas phrases
are variable and can assume user-defined values.

ESP/Advisor has a set of logical operators that can be used to define the logical
relationships between entities. The following operators are available:

e OR

e XOR

e AND

e NOT.

The symbols and keywords used in the knowledge representation are shown in Figure 5.
An example of rule 1 in Chapter 4 would be:
{starter condition <> normal and lights <> normal}
'Your battery is either dead or does not have enough'&
‘charge. You should have it checked.'.

Application

The prototype diagnostic expert system for roof repair was used to demonstrate
and implement the models for multilevel user domain knowledge. This system is not yet
operational in the field, but it could conceivably be developed to that level. The
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Figure 5. Symbols and keywords in ESP/Advisor.

application is a fairly typical classification system with constraints involving environ-
mental conditions, materials, and damage levels. Figure 6 shows the classification tree
for built-up roof repair.

Development for Implementation

The decision model shown in Figure 2 was implemented by using the "ensure" com-
mand in ESP/Advisor. This feature is used when a mandatory condition is to be imposed
before the user can proceed further in the system. In the decision model, the user's do-
main knowledge is not sufficient so that further consultation is necessary. The user is
then sent through a tutorial section of the program and is not allowed to return to the
consultation until it is indicated that enough knowledge has been gained to bring the user
to an appropriate level. The control for this section of the program begins with the
statement:

{ leak_type = unsure } reference teach_types.

If the user indicates that he/she is not sure what type of leak is present, then this
statement will transfer him/her into the tutorial section. In the present version of the
system, no online tutorial is given, but reference to a manual is offered for further learn-
ing. The system then ensures that the user has achieved a sufficient level by asking for
the leak type again. This prompt is performed by the following statement:

{ ensure leak type <> unsure}'".

{ ensure leak type <> not known} '".
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This control statement will actually allow the user to change the parameter value
of leak_type, reflecting a change in his or her domain knowledge level. The program con-
tinues at this point as though the tutorial never occurred (within the context of the
rules).

To implement the decision model in Figure 3, production rules were written
directly into the code to become part of the rule-tracing facilities. In this model, when
the user's domain knowledge is detected to be too low for the present level of question-
ing, a new set of rules that is less dependent on the user's knowledge enters the decision
tree. In addition, the explanation facilities provided with the rules will include knowl-
edge that will be at a lower level and will provide tutoring for the diagnostic process.
This model is activated when the user has indicated that the cause of splitting in the
built-up roof is unknown. At this point, rules that contain knowledge about the causes of
splitting are tapped to ask the user about other, more easily identifiable, parameters
which are then employed to directly identify the cause of the splitting. This section of
the expert system is controlled by the following statement:

{ leak status <> emergency repair and split cause =
unknown } reference infer split_cause.

In this section of the program, four parameters are identified that will indicate the
cause of the split. The explanations and reasoning are available to the user and can pro-
vide valuable tutoring to increase the user's domain knowledge about splitting causes.

The implementation of the decision model shown in Figure 4 forced the user into a
diagnostic mode that provides tutorial information but, upon finding the original para-
meter value, ends the consultation session. This model was activated when the user was
unable to locate a leak and needed assistance from the expert to find it. The concept
was that the system would give the user information with which to go up onto the roof
and physically locate the leak. It was evident, therefore, that the user would not be
using the system until this action was performed and, as a result, would not be consulting
the system again until after returning with the vital information about the location of
the leak. This section of the program is controlled in the main body by the statement:

{ not location known } reference find leak.

The section for finding leaks consists of a rule of thumb that can be used to iden-
tify a probable location of the leak. By looking at nine parameter values, the system can
make a reasonable guess at what is causing the leak. The user can ask the system to
explain the facts and reasoning, thus obtaining a good tutorial on the topic of locating
leaks. Upon recommending a place to look for the leak, the session is terminated and the
user must return later with the leak location in order to proceed.

Each of these three decision models is applicable, given certain user
requirements. These involve the physical nature of the particular application and the
characteristics of reasoning required throughout the consultation and tutorial process.
Although these decision models may provide some additional explanation facilities for
the user, they still depend on the features of the shell system used and the possibilities
for modeling the user's requirements within the general framework of an expert system.

Finally, the user interface is an important component to develop further.
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Consider the example system presented in Chapter 4. After reaching a conclusion
by unifying all parameters in rule 5, the system generates the following reasons for that
conclusion:

When the starter is working normally

and the gas gauge indicates that there is gas
and gas is going into the carburetor

and there is no spark at the spark plugs,
Then it is usually the case that there is a
malfunction in the ignition system.

Upon analysis, the only parameter that has any relationship with the conclusion is
the last one. In fact, a lack of spark alone indicates that there is a malfunction in the
ignition system. It is evident that the rule actually has two types of knowledge in it:

1. Knowledge about the causality of the mechanism

2. Knowledge about the diagnostic procedures to identify malfunctions.

Yet, in the development of an expert system, these two types of knowledge are
intermingled, causing confusion to the user about the logic of a conclusion or heuristic.

Expert system shells should provide a mechanism to incorporate these two types of
knowledge so that the user interface can be improved.

23




6 CONCLUSIONS AND RECOMMENDATIONS

This study has reviewed the state of the art in expert systems development for user
groups with a wide spectrum of domain knowledge and proposed models for designing
such systems. Three decision-tree models were developed and implemented on a proto-
type expert system for roof repair.

Results show that it is possible to provide a suitable range of knowledge levels for
users. This approach will be especially useful in building expert systems for users with
unknown domain knowledge levels. However, while these techniques improve current
user explanation facilities, they do not address the sources of the problem: the limita-
tions of the available shell systems and a poorly developed understanding about the
representation and presentation of knowledge.

Rules used to guide decision trees actually contain two types of knowledge--that
about the causality of a mechanism and that about the diagnostic procedures. Both types
of knowledge must be incorporated into an expert system to make it truly user-respon-
sive. Without careful attention to including all levels of logic about potential conclu-
sions, there is a risk of confusing some levels of user, thus defeating the systein's pur-

pose.

To further improve the explanation facilities, a method of integrating deeper
knowledge into an abstract domain theory for providing tutorial information would be of
great value. This feature would eliminate the need to cleverly code decision models that
have separate limitations, as mentioned above. Such a feature would likely be a network
that uses frames and is able to make analogies between the specific application and
general scientific principles. This type of system would be complicated and may be
beyond the scope of short-term expectations.

For the present, decision models provide an additional tool for expert system
developers to improve the explanation facilities and tutorial capabilities of currently
available shell systems. They offer a method for improving applications until better shell
systems are developed and an understanding of the communication process is substan-
tially increased.

It is recommended that USACE continue studying expert systems technology due to
its tremendous potential applicability in military construction. In addition, the prototype
built-up roof repair system could be refined for immediate benefit in the field, and the
concept could serve as a model for other diagnostic tools.
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