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Preface

JOHN M. BROWN
1987 NCC Chair

No industry has ever seen changes occur as rapidly as data processing. In 1987,
we find ourselves smack-dab in the middle of some of the most profound changes
to date, with no indication that the rate of change will ever slow. Even the name
“data processing” is bring replaced with new ones like “Information Management
and Movement.” We are surrounded by an ever increasing ubiquity of distributed
computing brought about by powerful microprocessors, with an ever increasing
need to network microcomputers together and to mini and mainframe computers.
The 1987 National Computer Conference recognizes the needs of the data profes-
sionals to stay current with these changes and to understand the trends for the
future. In NCC 87, we challenge vou to “Discover the Power of Information.”

The planning and execution of a conference with the size and scope of NCC
requires a large number of dedicated people. The volunteers who were part of the
1987 Conference Steering Committee and the various subcommittees are an es-
pecially hardworking and professional set. They organized an extremely timely and
relevant conference—from the insightful technical program to the Professional
Development seminars to the many special activities. They participated with enthu-
siasm because NCC is a special kind of conference sponsored by industry profes-
sionals for industry professionals. They in turn received invaluable assistance from
the AFIPS staff and the NCC Board, who all put in efforts well beyond the call
of duty.

As you read through these Proceedings, whether it is for the first time or as a
refresher for what you heard and saw at the conference, I am sure you will find it
to be a useful and valuable reference source for what is happening in computing.






Introduction

MARGARET BUTLER
1987 NCC Program Chair

The technical program is designed to afford you, the Conference attendee, the oppor-
tunity to “Discover the Power of Information” for yourself. National Computer Conference
attendees come from all segments of the information industry; they are a mixed lot, difficult
to characterize simply on the basis of educational background, profession or career, or
special interest. Consequently, in planning for NCC ’87, the Program Committee attempted
to produce a balanced program which would permit you either to focus on acquiring
in-depth knowledge in your particular specialty or to broaden your perspective by exploring
what is going on in other parts of the computing world.

To cover the ever-widening scope of the industry, the program consists of some 90
sessions organized in ten major topic areas (or tracks). Featured sessions in the various topic
areas are scattered throughout the four-day program. In these, technical experts and
industry leaders describe recent developments, discuss issues of critical and timely im-
portance, and present their views of the industry’s future. Featured sessions are scheduled
so as not to conflict with one another to allow you to attend all of them should you so desire.

In addition to the topic area sessions, the NCC 87 Program includes a number of special
sessions and the Small Business Day seminar series. Also offered is a preview of plans for
the Smithsonian’s major new exhibition on the development of information technologies,
centering on computers and communications and a pair of Pioneer Day sessions on Early
Operating Systems. You may also find the program dealing with software aspects of SDI
meets your fancy.

This volume is intended as a true Conference Proceedings, insofar as possible. Use it to
get the most from NCC 87 while in Chicago and as a valuable reference in your library
afterward. It contains the 62 percent of the submitted papers selected for presentation with
the assistance of this year’s staff of referees, topic area descriptions, and position papers
contributed by session organizers, program participants, or members of the NCC ’87
Program Committee. I speak for the entire Program Committee in saying we believe we
have succeeded in putting together an exciting and educational menu of program sessions
designed to meet your needs and interests. Enjoy.
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ARTIFICIAL INTELLIGENCE

MARTHA EVENS
Minois Institute of Technology
Chicago, Illinois

- and

HAL BERGHEL
University of Arkansas
Fayetteville, Arkansas
and

SANDRA TAYLOR
Britton Lee, Inc.

Los Gatos, California

Artificial intelligence (AI) is probably the most controversial area of computer science.
Historically, the domain of AI was at best loosely formulated, as were the underlying
principles upon which this new field was constructed. As a result, the early days of artificial
intelligence were more concerned with characterizing the problems than with formulating
their solutions.

Because of the iimited success achieved in developing systems which can purpert to have
even a minimum level of intelligence, researchers lowered their expectations. Consequently,
there now exist many special-purpose Al systems with enormous practical benefits, albeit
with less than earthshaking significance. For example, research in natural language pro-
cessing has advanced to the point where in some instances man-machine interfaces can be
tailored to the human rather than to the machine. Although you may not be able to strike
up a conversation with a computer, you can rely upon a question-answer system to simplify
the interface with a database management system, and while it is not useful to discuss your
health problems with a machine, knowledge-based systems may assist a physician in making
a differential diagnosis.

Other areas in which rapid progress is evident include expert systems, logic programming,
knowledge representation, rule-based systems, theorem proving, scene analysis, and pattern
classification. Each of these areas is at a stage in which real applications can be envisioned
to follow from current research. As a result, many businesses and industries are developing
these resources.

The sessions in this track focus on some of the recent advances. Areas with great promise
include logic programming, speech synthesis, automated reasoning and intelligent learning
environments, natural language front-ends for databases, expert systems, and office auto-
mation. These topics and more are covered.

Is your business ready for AI? The Artificial Intelligence sessions are designed to present
some of the most promising technological advances and show how they relate to real-world
problems. There may be an Al system today capable of solving one of your problems!






Preparing your company for artificial intelligence

by JOHN BOWYER, JUDITH MARKOWITZ, and JAY YUSKO

Navistar International
Oakbrook Terrace, Illinois

ABSTRACT

We have identified four critical facets of preparing a company for artificial intelli-
gence (AI):

1. Support from upper management
2. Education and promotion

3. Initial project selection

4. Project development methodology.

The support of upper management should include both a positive attitude and
financial support. Educational and promotional programs must involve all parts of
a company, including the Al group. Both programs set a positive tone within the
entire company and help to separate unrealistic expectations and fear from reality.
However, initial AI projects must be selected carefully to ensure long term accept-
ance of Al technology within a company.

Initial project selection must be based on a constellation of factors including
appropriateness to business philosophy, return on investment, delivery, likelihood
of technical success, and user acceptance. Proper project selection should be fol-
lowed by a highly people-oriented project development methodology which in-
volves experts and users from the onset of the project until completion.
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INTRODUCTION

Preparing a company for artificial intelligence (AI) is a multi-
faceted effort. We have identified four areas that must be
addressed: (1) support from upper management, (2) educa-

tion and promotion, (3) initial project selection, and:

(4) project development methodology. This paper discusses
each of them in turn.

SUPPORT FROM UPPER MANAGEMENT

Support from upper management is critical to the success of
an Al program. This support must include more than a posi-
tive attitude toward the use of Al technology within a com-
pany; upper management must make an actual commitment
to using Al represented by adequate budget and personnel.
Such a commitment is the basis upon which a successful Al
program can be developed.

Support from upper management can establish an initial
positive attitude in a company which will act as a model for
other levels of management within the company. It also will
facilitate crossing departmental boundaries when that is re-
quired for developing Al projects.

EDUCATION AND PROMOTION

To sustain the momentum begun by upper management, a
strong company-wide educational and promotional program
must be instituted. Different types of educational programs
are necessary for different levels and groups within the com-
pany.

Management

One of the greatest problems in the Al industry is hype. It
is essential that management understands the difference be-
tween hype and reality about what can be delivered using Al
technology. Otherwise, expectations will be unrealistic and
Al projects will be doomed from the start.

Non-AlI Technical Personnel

There is no need for conventional data processing people to
become proficient in the technical aspects of AI. When a
problem can be solved using conventional data processing
methods, it should be solved that way. However, non-Al tech-
nical personnel need to be educated to recognize when Al
technology fits a specific problem.

Al Technical Personnel

Just as non-Al technical personnel need to understand Al,
Al technical people need to understand conventional data
processing. They have to realize that Al cannot and should
not be used to solve all the problems within a company.

Users

Users include both the experts whose knowledge is used to
build an AI system and the people who will use the system in
their everyday work. Users need to be educated in the basic
concepts of an Al system. Those who will use the system need
to view the system as a tool to help them in their jobs and
understand it will not replace them.

INITIAL PROJECT SELECTION

Because the first few Al projects selected can make or break
the Al initiative within a company, the projects must be se-
lected to ensure success. The aspects to consider when select-
ing an AI project are:

. Technical success

. Return on investment
. Visibility

. Business success
Cooperative experts

. User acceptance

AU AW

None of these criteria stand alone; all must be considered to
ensure company-wide success. For example, a project can be
technically successful and perform as designed yet it may not
be successful within the company. An Al system’s return on
investment, visibility throughout a company, and how it will
fit into the total business plan of the company must all be
evaluated when selecting initial projects. Further, cooperative
experts must produce the knowledge needed in the system.
Finally, the system must be accepted by the users; if the users
do not use the system in their work environment, the Al
initiative will fail.

PROJECT DEVELOPMENT METHODOLOGY

Al project development is highly people-oriented. An Al
system is built around the knowledge of experts within the
company. These experts are providing more than specifica-
tions; they are imparting their many years of knowledge and
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experience. Because the system will incorporate their per-
sonal and hard won knowledge, the company experts need to
be involved from start to end.

As mentioned earlier, the experts have to be educated in
the basic concepts of Al so that they fully understand what
knowledge is needed and how it will be used in the system.
Prototypes have to be developed very early, not only to show
proof of concept, but to show the experts their knowledge at
work. Prototypes give the experts a chance to critique the
system and be involved in the total system development pro-
cess. Such prototypes should include only features that will
be delivered in the final system. False expectations, future
disappointment, and failure can resuit from unrealistic proto-
typing.

Another important aspect of Al project development is the
early involvement of the people who will use the system. In
particular, the method of delivery must be developed during
the early prototype stages with input from the people who will

use the system. User involvement helps to guarantee that the
system can be delivered and will be used.

Finally, support and maintenance of the Al system must be
part of the project development. The users and experts need
to know that they will be able to add new knowledge and make
changes to the Al system when necessary. They also have to
know that the AI group will support user requirements if any
complex problems arise.

CONCLUSION

We have discussed what we believe are the four major areas
that should be addressed to prepare a company for Al:
(1) support from upper management, (2) education and
promotion, (3) initial project selection, and (4) project devel-
opment methodology. Although we believe the one unifying
factor is education, all four areas have to be addressed to
make Al a lasting endeavor within a company.
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ABSTRACT

This paper provides a methodology, or process, that can be used to construct expert
systems. The methodology is suited primarily for building troubleshooting, ad-
visory, and diagnostic expert systems; however, it also can be useful for building
other types of systems.
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INTRODUCTION

This paper defines a methodology, or process, that can be
used to build expert systems. This rather informal paper is
intended for managers or engineers and programmers un-
familiar with expert systems. Therefore, the methodology de-
scribed is practical, not theoretical. The thesis of this paper is
that it is possible to build working expert systems in signifi-
cantly less time and for less money than is generally recog-
nized, and this paper explains how it can be done.

Generally, most of the effort required to build an expert
system is in gathering and organizing knowledge from the do-
main expert. Existing knowledge engineering approaches are
costly, time-consuming processes; they require much effort by
both the domain expert and the knowledge engineer.

Most of the time in building an expert system is consumed
by the itertative process of traditional knowledge engineering.
A prototype system is built, tested, found to be wanting, and
discarded. Information gleaned from this process is used to
build yet another prototype which in turn is tested, found to
be wanting, and ultimately discarded. This process continues
until a system is developed that seems to work.

The traditional process of knowledge engineering can be
improved by applying a concept software engineers have
known for some time: it is much easier to do the job right the
first time than to do it over and over. The cost of fixing bugs
during the requirements phase of a software project is orders
of magnitude less than the cost of fixing the same bugs after
a product has been released to customers. The same principle
applies to building expert systems. The development process
can be reduced to only one iteration by first defining what the
system should do, collecting all knowledge at one time,
choosing the best knowledge representation from the start,
and knowing what performance values the system must
achieve to be accepted.

Many of the conventional problems often present in knowl-
edge engineering vanish when this one-iteration approach is
applied. For example, the problem of paradigm shift occurs
when acquired knowledge exceeds the limits of a chosen
representation. This problem is eliminated by selecting a
knowledge representation paradigm after all knowledge has
been collected.

Another cost present in building expert systems is the cost
of the domain expert’s time. Good domain experts are ex-
pensive; they have little time at best. Any good knowledge
engineering methodology must minimize the use of their time.

FOUNDATIONS

There are a few key principles we use to construct this new
methodology: problem decomposition, target system decom-
position, and locality.

First, all people know far more than they can tell. People do
not have complete access to the processes they use to solve
problems. Indeed, as people acquire more expertise, they
typically find it harder to state the reasoning and knowledge
they used to solve problems. Further, if they attempt to do so,
the offered reasoning model and knowledge often is incom-
plete. This situation is called the paradox of expertise.! Con-
sequently, some authors advise prospective knowledge engi-
neers to be wary of a domain expert’s advice, and perhaps to
seek less experienced domain experts.

Thus, much of the difficulty in knowledge engineering is
caused by the difficulty of experienced domain experts to
elucidate the methods and knowledge they use to solve prob-
lems. If a knowledge engineer can help with this problem, the
cost of building an expert system will be reduced.

Although most expert systems work by modeling a domain
expert’s reasoning process and knowledge, this does not have
to be the case. Commonly used knowledge representations,
for example, do not mimic human thought processes. No
expert I know thinks in terms of production rules, yet this is
one of the most popular and successful knowledge representa-
tions used in expert systems today.

Second, the solution strategy used in an expert system also
does not have to be one that matches a domain expert’s prob-
lem solving technique. Once the requirement for an emulative
solution strategy is relaxed, a rather mechanical knowledge
acquisition process can be used to develop a solution strategy
that will be used by the expert system. This will speed up the
early stages of the development process.

The strategy of “divide and conquer” is well known in
computer science. Using this strategy, problems are decom-
posed into separate subproblems, and the solution of the com-
plete problem is obtained by combining the solutions to the
subproblems. This process is useful for some problems be-
cause it can be much easier to solve many small subproblems
than it is to solve an original problem.

Diagnosis, advisory, and troubleshooting problems usually
can be decomposed using this technique. In such cases, the
divide and conquer principle is applied recursively to a prob-
lem until the problem is broken down into atomic subprob-
lems. These atomic subproblems represent the lowest level
of problem that an expert system is designed to solve.

For example, an expert system designed to give advice
about loans could have a problem decomposed into giving
advice about commercial loans and retail loans. These two
subproblems would be further decomposed into giving advice
about various specific types of commercial and retail loans
(e.g., asset-based commercial loans). The decomposition pro-
cess would stop when the loan types being considered were
the basic, or fundamental, types that a system’s user would
reasonably consider.
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Further, not only can the expert system problem be decom-
posed using divide and conquer, the target system that the
expert system is designed to troubleshoot, diagnose, or give
advice about, can also be decomposed into many atomic sub-
systems.

An automobile can be considered to be a collection of
subsystems such as an engine, wheels, drive train, body, and
frame. Each of these subsystems also can be decomposed into
subsystems. For example, some subsystems of a drive train
would be the transmission, drive shaft, differential, and rear
axles. This process would be repeated until a complete hier-
archy consisting of the smallest meaningful subsystems for an
automobile was obtained.

The third principle on which the methodology is based is the
principle of locality. That is, if a target system has been prop-
erly decomposed, then separate atomic subproblems will be
associated with each atomic subsystem. As a result, it should
be possible to recursively decompose large target systems into
hierarchies of atomic subsystems with one or more atomic
subproblems associated with each atomic subsystem.

For diagnosis, advisory, and troubleshooting expert sys-
tems, the process of recursive decomposition of both the tar-
get system and the problem usually can be done by a knowl-
edge engineer with only a minimal amount of help from the
domain expert.

If presented with the complete decomposition of a target
system, a domain expert will find it easy to elucidate the
methods he or she used to solve the subproblem. Given a
complete hierarchical decomposition of the target system and
the problem, it is possible for a domain expert and knowledge
engineer to elucidate the methods, that is, the knowledge and
reasoning strategies, needed to solve every atomic subprob-
lem. Therefore, since the solution to a problem is the sum of
the solutions to all its atomic subproblems, it follows that the
domain expert and knowledge engineer can obtain through
target system and problem decomposition, the knowledge and
reasoning strategies necessary to solve the complete problem.

METHODOLOGY

This section describes a methodology that can be used to build
troubleshooting, advisory, and diagnostic expert systems.

Define System Objectives

First, it is necessary to determine what a proposed system
will do. The system’s function should be specified in a one- or
two-page document that clearly states the objectives of the
finished system. Documenting a system’s objectives requires
the cooperation of the system’s end users, the domain expert,
and the knowledge engineer.

Define Subsystems

After the problem that the expert system must solve is
stated, the knowledge engineer uses the divide and conquer
strategy to decompose both the target system and the problem

into atomic subsystems. Each subsystem is then broken down
to the lowest level that the expert system should address. An
automobile-mechanic advisory system, for example, would
not need to address the theory of condensed matter to advise
a mechanic about changing a power-steering unit. Often, ex-
isting documentation can be used as a knowledge source for
such a step.

Next, a knowledge engineer and the domain expert should
identify every possible subproblem that can occur in each
atomic subsystem. This step requires a series of interviews
with the domain expert. At the end of this step, the problem
should be completely decomposed into atomic subproblems,
and each subproblem related to an atomic subsystem. Typi-
cally, every atomic subsystem will have several different sub-
problems associated with it.

Create Cause Tables

The domain expert must identify the causes of each atomic
subproblem and the symptoms associated with each cause.
Symptoms fall into two categories: those that increase the
confidence that the cause is present, and those that rule out
the cause. The end result of this step is a series of tables, one
for each cause. Each table should list the subproblem to which
a cause is connected, the subsystem to which the subproblem
relates, and the symptoms that are associated with the cause.
If more than one domain expert is available, then a Delphi
technique can be used to increase the accuracy of the cause
tables.

Write Knowledge Engineering Document

Next, the knowledge engineer writes a knowledge engi-
neering document. This document contains the cause tables,
the complete hierarchical decomposition of the target system,
and a complete list of subproblems together with their rela-
tionship to the subsystems.

Perform Parretto Analysis

The knowledge engineering document contains all the do-
main knowledge needed for the system. However, because
many of the possible subproblems and their causes stated in
the tables actually may never occur, Parretto analysis is used
to screen the data for plausibility. The basic idea behind
Parretto’s principle is that only a few of the potential causes
account for most problems encountered. This is the basis for
the 80/20 rule which states the 80 percent of the problems
occur due to about only 20 percent of the causes.

In some systems (e.g., medical expert systems), it is neces-
sary to include all potential causes, however unlikely. In such
cases, a Parretto analysis is not needed.?

The Parretto analysis is accomplished best by analyzing
historical problem records and using the data to weed out
possible causes that (1) have never resulted in a problem and
(2) are expected never to result in a problem. The assistance
of a domain expert is necessary for this analysis.'
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However, in most situations a reliable set of historical prob-
lem records will not exist. Therefore, it usually is necessary for
a domain expert to estimate the likelihood of problems occur-
ring as a result of each cause identified. Because people typi-
cally are not accurate at estimating probability, the domain
expert should rank each cause according to the following esti-
mates:

Almost always causes problems.

Commonly causes problems.

Occasionally causes problems.

Rarely causes problems.

Possibly can cause probiems but there is no evidence of
problems related to this cause.

6. Problems related to this cause will never occur.

Ll s

After each cause has been analyzed, the Parretto analysis
proceeds by plotting the ranked list of causes versus the like-
lihood of each cause resulting in a problem. The plot will take
the form of a monotone decreasing curve. If the curve has a
definite knee, and the knee occurs low enough, then causes
below the knee can be eliminated safely from the knowledge
engineering document. If no knee is found, then causes with
a zero likelihood of resulting in problems can be eliminated
safely.

The outcome of the Parretto analysis is a ranking of the
problem-likelihood related to all possible causes in the knowl-
edge engineering document together with a cutoff point that
specifies the problem-likelihood limit for causes that will be
included in the system. Only data associated with causes
above the cutoff will be included in the system.

Build Control Flow Model

Next, it is necessary to build a control flow model. Al-
though the strategy the expert system will use does not closely
mimic the strategy the domain expert uses, the overall strat-
egy used by the domain expert is best to use in the expert
system. The flow model is a high-level description of the steps
the domain expert uses to solve the specified problem. The
flow model will form the basis for the control-rule meta-
knowledge the expert system will need. A typical flow model
consists of a flowchart or an equivalent design language
specification of the steps the domain expert takes to solve the
problem.

Verify Knowledge Engineering Document

After the flow model is constructed, it is necessary to verify
and inspect the knowledge that will reside in the finished
system. This step consists of carefully inspecting, on a line-by-
line basis, each piece of information in the knowledge engi-
neering document. Four issues must be considered. First, the
knowledge engineer should verify that the proper decom-
position into atomic subsystems and atomic subproblems has
been achieved. Second, the engineer must ensure that the
causes and the symptoms for each cause within each sub-
problem have been identified correctly. Third, the problem-

likelihood for every cause within the document must be veri-
fied. Finally, the consultation flow model must be reviewed
for correctness.

The inspected knowledge engineering document is a valu-
able asset. It documents exactly what knowledge will be in-
cluded in the finished system, completely specifies the behav-
ior of the system, and acts as a reference guide for maintainers
of the system.

Define Shell Parameters

The next step is to decide which expert system shell param-
eters to use. This step consists of choosing a knowledge
representation, an inferencing strategy, a user interface de-
sign, the knowledge debugging parameters, and deciding on
the nature and strategy behind the system’s explanations.
Many good books exist that can help knowledge engineers
choose shell parameters. Since all knowledge required in the
system has been collected prior to this step, the process should
be straightforward.

Code Knowledge Base

Once a shell® has been acquired, the engineer codes the
knowledge contained in the knowledge engineering document
into a knowledge base the shell can use. Generally, the cause
table knowledge will be simple to code into either production
rules or frames and will form the bulk of the knowledge base.
The control flow-model knowledge will encode into meta-
knowledge that controis the order in which rules or frames are
invoked.

Establish Test Cases

While the knowledge base is being coded, a set of test
cases can be collected or constructed from scratch with the
help of the domain expert. The test cases should be selected
to reflect actual problems the system should be able to solve.
Remember, the purpose of testing is to find errors—not prove
correctness. Each test case, therefore, should be included
because it has the potential to find an error in the knowledge
base.

Building an expert system using the methodology described
in this paper, only a few possible types of bugs can occur. The
primary type of bug that could be found is the “insufficiency
bug,” an error caused by missing knowledge. Insufficient
knowledge usually is results from using too high a threshold in
the Parretto analysis. Another type of bug could occur due to
incorrect partitioning of the target system into atomic sub-
systems. Incorrect partitioning causes interactions between
the subsystems that the causes tables do not address. As a
result, the system will not be able to solve some problems
correctly. Insufficiency bugs are also a consequence of in-
correct partitioning.

Many of the problems frequently encountered in traditional
expert system development will not occur, or will rarely occur
when this methodology is used. Such bugs include paradigm
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shift, contradiction, subsumption, incorrect knowledge, and
bugs due to the inability to access knowledge, (i.e., a missing
relation in a frame, or a rule conclusion that is neither a goal
nor subgoal).

Test and Validate

After the system is coded, testing must be done. This con-
sists of running the test suite through the system and observing
the system’s behavior. Because no human activity is perfect,
bugs will exist in any non-trivial knowledge base. Testing and
fixing these bugs is a necessary part of knowledge engi-
neering.

When testing is complete, validation can be performed.
Validation consists of comparing the accuracy of the expert
system against a known ‘“‘gold standard” for accuracy.

Several levels of gold standards can be used. One of the best
is to build a validation test suite of cases by selecting cases
from actual problems that have occurred in the past. Accuracy
is established by giving these cases to a panel of human do-
main experts and measuring its solution accuracy as well as the
extent to which it agrees on the solutions to each case. These
numbers form a baseline against which the expert system’s
accuracy is measured.

Actual validation is done by running the calibrated valida-

tion test suite through the expert system and comparing the
system’s accuracy to the accuracy of the domain-expert panel.
Although systems vary in accuracy, generally it is possible to
achieve the same level of accuracy as the domain expert panel.

Once the system is finished, the knowledge engineering
document and the system should be placed under change
control. All changes to the system must be reflected in the
knowledge engineering document.

CONCLUSION

I have used the methodology described in this paper to build
several systems, and found it superior to the methods gen-
erally discussed in the literature. By concentrating on doing
the knowledge engineering only once, and doing it right the
first time, it is possible to build expert systems much more
rapidly than is commonly supposed.
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ABSTRACT

The growing integration of database management systems with expert systems to
produce what are coming to be called expert database systems suggests that there
may also be a productive integration of causal decision models with expert systems.
We examine in this paper three possible areas of integration: (1) the use of expert
systems in helping end users to construct decision models and to interpret their
outputs, (2) the incorporation of knowledge bases into decision support systems
(DSS), and (3) the use of expert systems in interfacing models with their users. The
latter case consists of (1) natural language query processing for decision models,
and (2) the use of expert systems technology in integrating the appropriate models
in a model base to respond to a user query.
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INTRODUCTION

An important theoretical and practical issue in decision sup-
port systems (DSS) is managing decision models. Such deci-
sion models include linear programming models of production
and distribution processes and simulations of the financial
structure of a firm. For this reason a discipline of model man-
agement,“*> along with a few commercially implemented
model management systems,* is being developed within DSS.
The purpose of a model management system is to insulate its
users from the physical operations of model storage and pro-
cessing, just as the purpose of a database management system
is to insulate its users from the physical operations of data
storage and processing. The principal areas of concern in the
model management literature are (1) the organization of
model bases (both network and relational frameworks have
been developed), (2) the design of model base query lan-
guages, and (3) the efficient implementation and operation of
model management systems.

During the past few years increasing attention has been paid
to the application of artificial intelligence (AI)—especially
expert systems and, to a lesser extent, natural language query
processing—to model management. This development paral-
lels a similar area of interest in database management—the
synthesis of database management systems with expert sys-
tems to produce what are coming to be called expert database
systems.>® An expert database system has been defined as
“a system for developing applications requiring knowledge-
based processing of shared information.”” Implicit in this
definition is the assumption that the information under con-
sideration is stored data. We examine here a case in which the
reformation is a decision model in the form of a stored algo-
rithm, and we call such a system an expert modelbase system.

There are three areas in which Al may be applied to the
management of decision models. First, expert systems may be
developed to help end users to construct models and to inter-
pret their results. Second, a DSS may contain an expert sys-
tem along with or in place of a causal decision model. Third,
certain Al techniques (including expert system techniques)
may be useful in translating and executing user queries to a
model management system. These three topics are examined
in the following three sections of this paper.

INTELLIGENT MODEL CONSTRUCTION
AND INTERPRETATION

We begin by defining a model base as a set of one or more
models. We expect there will be some commonality among
the models’ input and output attributes, which means that the
outputs of some models will be inputs to other models. For

example, the output of a sales forecasting model may be the
input to a production planning model, and the output of the
production planning model may be the input to a distribution
scheduling model. Such a linking of models corresponds to a
relational join in database management, in which the modeis
are viewed as virtual relations. Tuples in virtual relations do
not exist in stored form, they are generated on demand by a
stored algorithm.® In this section we are concerned only with
individual models. Later we will be concerned with the inte-
gration of models in a model base.

Models are similar to data files in that they contain func-
tional dependencies. For example, the output of a model
is functionally dependent on its input, just as the content
attributes of a file are funtionally dependent on the key attri-
butes.* However, there are additional functional dependen-
cies in model management. For example, the output of a
model is also functionally dependent on any parameters in the
model, and assignment statements in imperative program-
ming languages (and for that matter, let and where statements
in functional programming languages) are examples of func-
tional dependencies. Since the dependency structures of
decision models are in many cases quite complex, it often
requires substantial expertise to construct these models and
to interpret their outputs.

There are two ways in which expert systems can be applied
to model construction. If the model solution technique has
been programmed and the software is available to the model
builder, as is usually the case in linear programming, then the
expertise required is to identify the components of the model
from a description of the problem. For example, in linear
programming models, the components would be the decision
variables, the objective function, and the constraints. Expert
systems are now being developed to help users formulate
linear programming models in certain restricted problem do-
mains (e.g., determining optimal product mixes or transpor-
tation schedules).>'® On the other hand, if the tool is a pro-
gramming language (such as a simulation language), then the
problem is one of automatic programming. An example is a
system used for generating GPSS programs from natural lan-
guage descriptions of queueing problems.™

Since most expert systems provide explanations of their
reasoning processes, it seems reasonable that expert systems

*There are two possible departures from determinism in decision modeling,
neither of which presents a problem in practice. First, certain constrained
optimization models can have multipie giobal optima, but this seldom arises in
practice. Second, Monte Carlo simulations can produce different outputs from
the same input, depending on the sequence of random numbers used, but for
most applications the sample size is sufficiently large (and variance reduction
techniques may be used) that the differences in output are small.
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should be developed to help a user to interpret the outputs of
causal models and to evaluate the inputs to and the assump-
tions in the models. Two such systems have been developed,
one for linear programming models"” and the other for spread-
sheet generators.'>'* The former system accesses the output
of a linear programming model (i.e., the optimal tableau or
a tableau demonstrating that there is no feasible solution or
that the solution is unbounded) and answers questions about
causal chains of events (e.g., from resources through facilities
to end products). The latter system uses the algebraic expres-
sions in a spreadsheet generator to answer questions about
why particular outputs are unusually high or low or why cer-
tain outputs have changed very little aithough some of the
inputs have changed significantly (e.g., certain changes may
have cancelled each other out).

A problem domain closely related to the construction and
interpretation of decision models is (1) the selection of statis-
tical procedures that help an analyst draw inferences from a
set of data and (2) the interpretation of the outputs of these
procedures. This is also an active area of Al research, and
expert systems are being developed for this purpose.’® Thus,
we may expect to see a growing number of software systems
that allow end users to construct, solve, and interpret decision
support algorithms without having to know details of the algo-
rithmic techniques."®

INTELLIGENT MODELS

A second approach to intelligent model management is to
capture in the models some of a manager’s knowledge of the
real world. This has been done in the development of knowl-
edge-based DSS (i.e., expert systems as applied to manage-
ment)."” Expert systems of this type have been developed in
the following problem domains:

1. Finance and accounting. Examples are expert systems
for portfolio selection,'® auditing accounts receivable,’
and analyzing corporate financial statements.”

2. Operations. Examples are systems for configuring custo-
mer orders,? scheduling production,” and servicing
equipment.”

3. Marketing. There are a large number of models, called
decision calculus models, in use in marketing that have
some of the properties of expert systems.”»*>?® The
models contain a certain amount of expertise in a gen-
eral area (e.g., advertising budgeting), but they require
substantial expertise on the part of the user that is spe-
cific to the product line under consideration.

Incorporating expertise into DSS gives rise to such issues
as the proper way to incorporate knowledge-based DSS
into existing corporate planning and other decision-making
processes, the integration of knowledge-based DSS with data-
based and model-based DSS, and the possible use of knowl-
edge-based DSS in helping researchers and managers to
understand and possibly improve managerial decision pro-
cesses.””? These and other similar issues will almost certainly

be investigated thoroughly as more knowledge-based DSS
are implemented.

INTELLIGENT MODEL EXECUTION

Once a model base has been constructed, its users will pre-
sent queries that must be translated and executed. Two types
of intelligence may be required here. First, if the query is
presented in a “natural” language (i.e., in a sufficiently large
subset of the user’s language that the user appears to be
conversing with the model base or, more exactly, with the
model management system), then the system must translate
the query into an unambiguous form for execution. This is
currently accomplished in some database systems by nat-
ural language query processors,” and there are indications
that similar processors can be constructed for decision
models.>* "%

Second, after a model management system has interpreted
a query (whether it was presented in a natural language or in
a structured model query language), the model management
system must (1) select the model or models needed to prepare
a response and then (2) execute the models. When only one
model is required, this is usually not difficult. If there is more
than one model, it will be necessary to identify the appropri-
ate models and to construct a sequence of operations (i.e.,
model executions) needed to respond to the query. It has been
suggested that models be represented as statements in first
order logic and that a query be viewed as a statement to be
inferred from the model statements by means of resolution
programming,*** connection graphs,* or, more generally,
logic programming.**

A more flexible model base may be constructed by using
more powerful Al techniques, such as semantic nets and
frames.””*** Using such techniques would allow several pro-
cessing functions (e.g., matrix generation and optimization in
liner programming) to be combined in one information struc-
ture. It also would allow integrity constraints and other rules
relevant to model base processing to be conveniently stored
and accessed. Several recent software development efforts
suggest that these more complex knowledge structures can be
usefully applied to model management.*-*

CONCLUSION

Until recently, three important sources of information for
decision support—stored data, decision models, and expert
knowledge—have been regarded as largely separate, but we
are beginning to find interesting relationships among them.
Some of the literature on model management emphasizes the
relationships between data and models, and the ongoing re-
search on expert database systems is focused on the relation-
ships between data and knowledge. In addition, we have seen
a growing interest in the relationships between models and
knowledge. Such interest suggests that it may be productive to
view a DSS as a system that provides convenient user access
to a variety of information sources—especially data, models,
and knowledge*>—that are useful in decision support.
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A concept space for experiments in artificial intelligence

by RICHARD D. AMORI

East Stroudsburg University
East Stroudsburg, Pennsylvania

ABSTRACT

Describing phenomena in terms of coordinate systems and vector spaces has been
beneficial in traditional science. Describing robotics experiments as points or vec-
tors in a “space” of concepts taken from applied artificial intelligence has been
equally beneficial. Such a perspective has benefits for both robotics and artificial
intelligence. The five concepts, each of which constitutes an ordered axis or dimen-
sion, are: (1) task specification/directions, (2) perception (sensing) and other input/
output (1/0), (3) world modeling, (4) reasoning, and (5) activity planning/execution.
The implemented projects, which involve digital vision, natural language proces-
sing, tool manipulation, and a robot under expert system control, are discussed as
points in this space. Additional experiments underway are described in the same
context.
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INTRODUCTION

In a recent paper Hopcroft' argued persuasively that we
should take a more general view of robotics as the study of
representing, manipulating, and reasoning about objects
using a computer. Such a view raises issues in programming
languages and representations, which are traditional com-
puter science concerns. He argues that not only will computer
science contribute greatly to robotics, but that robotics and
other application areas will contribute greatly to computer
science. We agree, and wish to point out that such a mutually
beneficial relationship is especially fruitful for general arti-
ficial intelligence. We argue that, just as artificial intelligence
has contributed greatly to the development of robotics, ro-
botics can contribute greatly to, and permit systematic in-
vestigation of, more broadly-based artificial intelligence
concerns. We have held this position for several years and
have used it to develop a research program based on robotics
but which addresses several, more widely applicable, themes
of artificial intelligence.

This paper (and an accompanying videotape®) describes a
set of seven robotics projects and experiments conducted at
East Stroudsburg University. The robotics efforts are dis-
cussed in the context of a five dimensional “space” of con-
cepts from artificial intelligence. The dimensions of this space
are concepts from artificial intelligence which permit us to talk
conveniently about the ordering of experiments in the sense of
complexity of the experiment, location of an experiment in
the space, and future directions for experiments. Each con-
cept is a dimension or axis, each project may be considered a
five tuple in this space and each can be discussed component
by component.

First we consider each concept dimension or axis and then
we discuss each robotics project, component by component.

CONCEPT DIMENSIONS OR AXES

The seven robotics projects are discussed in the context of the
following “‘space” of concepts: task specification/direction,
perception, sensing and other input/output (1/0), world mod-
eling, reasoning, and activity planning and execution. The
space may be represented as shown in Figure 1.

Task Specification/ Directions

The task specification/directions axis describes the manner
in which a problem is posed to a robot, and the amount,
type, and source of directions provided to the robot. Such
specifications and directions can range from highly explicit to

highly implicit. An example of highly explicit task specifica-
tion is traditional rote training: teach-by-guiding or teach-by-
showing. A less explicit, and more flexible specification would
be the use of a high-level robot programming language to
provide the direction. An implicit task specification wouid
correspond to specify the task in a natural language, such as
English.

Perception (Sensing) and Other 1/0

The perception (sensing) and other I/0 axis describes the
manner in which the robot interacts with its environment—
how it senses its environment and how it changes its environ-
ment. Sensory devices along this axis can range from no ex-
ternal sensors (dead reckoning) and perhaps some simple
internal sensors such as limit switches; to a few sensors such
as sonic range finders, force/torque or digital vision; to a rich
coordinated array of sensors such as combinations of range
finders, multiple cameras, and lasers. Robots with no sensors
are non-adaptive whereas those with sensors can become
adaptive. A variety of end effectors can permit interactions on
this axis ranging from very simple pick and place interactions
to those capable of substantial environment changes perhaps
achieved by using a multi-fingered gripper with an assortment
of tools.

WORLD MODELING

Figure 1—The concept space
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World Modeling

The world modeling dimension describes the model of the
world obtained from sensors and the location of model. For
most traditional robotics applications, the world model is cre-
ated and maintained by a human operator; that is, no world
model is maintained by the robot. Some elementary world
modeling can be performed by robots programmed in robot
programming languages. Such programs maintain such model
information as coordinate system data, force/torque data, and
gripper open/closed data. Complex world models are manda-
tory for experiments involving natural language processing,
vision scene analysis, or expert system control of a robot.

Reasoning

The reasoning axis describes the amount of reasoning
performed and whether a robot or human performs the infer-
encing. Traditional industrial robotics applications do not in-
volve reasoning by the robot. All inferencing is done by the
human operator. Thus, at the left end of the reasoning axis we
might attach the label “none.” Elementary, on-board robot
reasoning is required for applications involving semantic ana-
lysis for natural language but sophisticated inferencing is re-
quired when an expert system is used for robot control or
when a complex visual scene must be analyzed.

Activity Planning and Execution

The activity planning and execution axis describes the type
of plan formulated and carried out, and whether planning is
done by the human operator or by the robot. Most traditional
robotics planning is performed by a human operator during
the training phase and robot execution is merely a direct
playback of previously stored activity sequences. Some plan-
ning can be done on-board when a robot is directed by a robot
programming language. More sophisticated on-board plan-
ning must be done if a robot is driven by natural language or
controlled by an expert system.

Advantages of Concept Space

Labeled appropriately, axes descriptions provide a.richer
space within which we can place and discuss our robotics
projects, as seen in Figure 2. Further, when activities are
described within these dimensions, it is easy to see the
demarcation between traditional robotics (i.e., industrial,
non-intelligent) and advanced robotics, which requires arti-
ficial intelligence techniques.

Using this space of concepts, robotics experiments can be
carried out which achieve robotics goals and at the same time
permit us to explore broader artificial intelligence issues. We
discuss a set of such projects and experiments next.

PROJECTS DISCUSSION

Let us consider the seven robotics projects and their iocations
in this concept space. The first three projects—alphabet,

! WORLD MODELING
IELEMENTARY

COMPLE)’
——

TRADITIONAL INTELLIGENT
ROBOTICS
ROBOTICS (ARTIFICIAL INTELLIGENCE BASED)
(INDUSTRIAL)

Figure 2—The concept space with some orderings on the axes

coffee, and piano worlds—involve no autonomous intelligent
behavior by the robots. The last four projects—egg harvest-
ing, blocks, workbench, and bagger worlds—involve increas-
ingly autonomous robotic behavior.

Alphabet World

In the alphabet world project, a robot picks up alphabet
cubes and spells out “ESU-ROBOTICS.” The robot’s end
effector is a magnetic finger, and each letter cube has a metal
strip attached to its top surface. This project is representative
of many simple industrial level tasks known as pick-and-place
operations.

Location in the concept space

Alphabet world is a traditional robotics application and is
located at the leftmost, or non-intelligent, end of each of the
concept dimensions. The task specification/direction is explic-
itly provided by a human operator during training. Alphabet
world is also at the leftmost end of the perception axis because
there is no external perception. As do many current industrial
robots, the alphabet world robot operates by dead reckoning.
Knowledge of the world is entirely resident in the human
operator and world modeling and reasoning are performed
entirely by the operator. Activity planning is also performed
by the operator who provides it to the robot. Subsequent
robotic execution is a straightforward pilayback of the previ-
ously stored, operator determined, set of moves.
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Coffee World

In the second project, the robot prepares a cup of coffee.
The world objects are geometrically more complex (e.g.,
coffee pot and sugar container) than in the alphabet project,
and a more general purpose, 3-finger end effector is used. The
coffee application illustrates a popular way in which robots are
trained or guided to perform a task: the human navigator uses
his senses to inform another human operator, the pilot, about
how close the end effector is to the desired pickup point of an
object (e.g., the handle on the coffee pot). By means of
entries on a computer keyboard the pilot manipulates the
robot’s movements. The computer records the moves for later
playback.

Location in the concept space

As is the alphabet world, coffee world is a traditional
robotics exercise that can be plotted at the leftmost, or
non-intelligent, end of each of the concept dimensions. Task
specification/direction, perception, world modeling, reason-
ing, and activity planning all are provided by a human oper-
ator. Execution is simply the playback of a sequence of moves
previously stored on disk.

Piano World

In the piano world project, a teach pendant is used to train
the robot to “play” a tune on a toy piano. A complete training
videotape exists for this traditional style of robotics.?

Location in the concept space

Piano world falls into the same traditional robotics region as
alphabet and coffee worlds. Extensive human involvement is
required and the robot is used as a straightforward playback
device.

Egg Harvesting World

Egg harvesting world is a prototype project for the real-
world application of harvesting vaccines that are grown in
eggs. A digital vision system, robot, and conveyor belt oper-
ate together. The egg sack (simulated by a cardboard cutout)
travels down the conveyor and is detected by the vision sys-
tem. A robot then positions its vacuum gripper over the egg
sack and transfers it to a petri dish for the next processing
step.

Location in the concept space

Egg harvesting world is the first project to take us out of
the region of traditional industrial robotics. Task specifica-
tion/direction is not provided directly by a human operator
who guides the robot using a teach pendant or keyboard. No
advance guiding is done. We plot this project further to the

right on the task specification axis than the first three projects
because task specification is provided by program code in
Pascal on the robot host and by code in the vision system
programming language.* We also plot the project further right
on the perception axis since blob (i.e., the egg) acquisition
and location are computed by the vision system. In the first
three examples, knowledge of the world resided in a human
and the necessary world modeling was performed by the
human. In the egg harvesting project, the world model—
consisting of several distinct physical coordinate systems—is
housed in the computer. The robot’s actions depend on the
on-board model of its environment. Reasoning is still pro-
vided by a human operator and the result is reflected in the
design of the robot’s Pascal control program. In effect, the
final product of the human reasoning process is “hardwired”
into Pascal program code. Although “hardwired” into code,
the use of a high-level programming language still provides
considerably more robotic flexibility than what is provided
by the simpler teach pendant guiding. In contrast with the
earlier examples, activity planning is no longer done by an
operator. Rather, the robot determines the necessary tra-
jectory plans using the world model and the Pascal control
program. Further, the robot synchronizes its own operation
with the conveyor during execution.

Egg harvesting world illustrates reassignment of many of
the problem solving functions from a human operator to a
robot. Outward movement is observed on all axes, and the
robot is more autonomous than in the previous examples.

Blocks World

In the blocks world experiment, a robot is directed by
English sentences. Sentences such as “Move the yellow block
to the green workspace,” and “Pick up the yellow block and
place it on the red area,” are provided as input. The robot
then performs the task based on the natural language input.
In effect, the robot is “programmed” in natural language.

Location in the concept space

Because a number of techniques from artificial intelligence
are used, the blocks world project is plotted squarely in
the region of intelligent (i.e., non-traditional) robotics. It is
plotted to the right end of the task specification/directions
axis. Tasks are not explicitly and rigidly specified by guiding
or using a teach pendant; or even less rigidly, but still ex-
plicitly, by using a formal computer programming language.
Rather, task specification/direction is given implicitly using a
very high-level language—English—in the same manner as
humans specify tasks. '

In blocks world, the relatively simple domain and the em-
phasis on processing natural language do not require much
perception (dead reckoning is sufficient). However, by re-
quiring natural language interpretation, the project is plotted
farther right than egg harvesting on the world modeling, rea-
soning and activity planning, and execution axes. The blocks
world robot must world model both physical level models
(coordinate systems) and semantic level models (for natural
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language processing). The robot is also required to perform
some elementary linguistic reasoning as it extracts meaning
from a sentence. Activity planning likewise becomes more
sophisticated since analysis of natural language is required to
formulate a plan of action. Execution complexity is at about
the same level as in egg harvesting world.

Overall in blocks world, we observe robot behavior which
is yet more autonomous than that found in the previous
worlds.

Workbench World

In the workbench world experiment, a robot is again di-
rected by English sentences, but the language and the domain
are more complicated than in blocks world. The world is a
child’s toy workbench. Tasks are more complex than in pre-
vious projects. The robot must select a proper tool (e.g.,
hammer, screwdriver) and mate it to a proper fastener (e.g.,
nail, screw). The robot understands and carries out instruc-
tions of such sentences as “Drive a nail into the top hole in the
first column,” and “Screw a screw into the first hole on the left
side.”

The language understood by the robot is more descriptive
and complex. For example, multiple prepositional phrases are
used and screw is used as both a noun and a verb.

Location in the concept space

As was the case for blocks world, the utilization of many
techniques from artificial intelligence places workbench
squarely in the region of advanced, intelligent robotics, yet
farther right on the axes. Tasks are not specified explicitly
using guiding or even at a higher level using a robot pro-
gramming language. Rather, tasks are specified implicitly
using natural language even more complex than that used in
blocks world. Placement along the perception axis is the same
as in blocks world (i.e., dead reckoning). However, because
of the broader scope of the natural language accepted and the
richer domain (i.e., tool and fastener choices), the project is
plotted farther right along the world modeling, reasoning and
activity planning, and execution axes.

The methods used in the two natural language robotics
experiments are interesting in their own right, but are beyond
the scope of this paper. More extensive treatment of blocks
world and workbench world is available on videotape® and in
a paper.®

Bagger World

Bagger world is the most complicated project. It illustrates
integration of a digital vision system, a robot, a voice syn-
thesizer, and an expert system. The coordinating computer
is a Burroughs XE550 running under Centix (a UNIX V
variant). Six computers and six programming languages are
required. About 100 modules make up the bagger system.

The problem posed in this experiment and discussed by
Winston,’ is to illustrate a forward-chaining expert system; in
this case, a system which automates the activities of a person

who bags supermarket groceries. The expert system models
the decision-making process of the expert human bagger. A
human bagger considers what groceries must be bagged and
determines the best way to bag those groceries based on ex-
perience and reason. For example, the human bagger knows
that a bottle of Coke will crush a bag of potato chips and
therefore would not place the bottle on top of the bag based
on that knowledge. The human also reasons that bags cost
money and therefore bag space should be used efficiently.
Thus, a human bagger uses such knowledge and experience
to determine the best way to bag a set of groceries.

Input to the automated system is provided by a digital vision
system which views simulated grocery items (colored blocks
of wood with various geometric shapes). Scene analysis is
performed by the vision system and the result is passed to the
expert system. The expert system “reasons” to determine a
bagging solution, and directs the robot to carry out the solu-
tion; that is, to place the grocery items into the proper large
or small bag. The bags are colored cardboard cutouts in the
robot’s workspace. As the robot carries out its actions, a voice
synthesizer verbalizes what the robot is doing. Also, the robot
can be interrupted during execution and can explain its line of
reasoning. That is, the robot can explain why it is performing
certain selected activities.

Location in the concept space

Bagger’s extensive use of artificial intelligence techniques
also places it in the region of advanced, intelligent robotics
but in a region different than blocks world and workbench
world.

Bagger world tasks are not specified directly by guiding;
they are obtained by reasoning about a perceived visual scene.
The use of digital vision for individual object identification
and scene analysis move the project far to the right on the
perception axis. The use of several types of models, both
physical and conceptual, move the project farther to the
right along the world model axis. A separate inferencing
subsystem, the expert system, provides sophisticated de-
cision making and moves bagger world farther right along
the reasoning axis. Activity planning is the result of acti-
vating the separate inferencing subsystem which handles
various grocery item choices and bag selections. Execution is
similar to the other projects with the exception that the plan
is verbalized by the voice synthesizer which is synchronized
with the actions being carried out.

Discussion of how bagger is constructed is beyond the scope
of this paper but additional technical information may be
found in a paper by Brands, Peters, Shafer, and Snyder.® The
expert system tool used is commercially available RULE-
MASTER,® described by Michie, Muggleton, Riese, and
Zubrick." The voice synthesizer is from Microvox, Incor-
porated.™

WORK UNDERWAY

Several additional robotics experiments have been completed
recently or are now underway that extend the work described
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in this paper and which can be plotted even farther right along
one or more dimensions in the concept space.

TODUS is a task-oriented discourse-understanding system
which has just been completed.’> TODUS is a natural lan-
guage front end to a multi-agent robot domain that uses
an augmented transition network of utterance grammars to
process task-oriented English text. Well formed sentences,
sentence fragments, and pronominal and elliptical references
are handled. This project extends to the right along the task
specification/directions and world modeling axes.

MAPS is a multi-agent planning system under construction
which accepts directions from TODUS and must plan activ-
ities for up to four robots, Robot cooperation is required to
perform some of the tasks. MAPS is plotted to the right along
the world modeling and the activity planning and execution
axes.

KNOVIS is a knowledge-based vision system under con-
struction which uses a knowledge-based approach to improve
the robustness of digital vision systems for scene analysis in
an industrial setting. This project extends to the right along
the perception/sensing axis.

HITAS is a hierarchical target-assessment system under
construction which will incorpeorate dynamic recovery plan-
ning (changing a plan due to a change in the world and formu-
lating a new plan) and elementary qualitative geometric rea-
soning about the domain. This project will extend to the right
along the activity planning and execution, world modeling,
and reasoning axes.

Each of these experiments uses robotics to investigate is-
sues of broad artificial intelligence interest: natural language
interfaces, multiple cooperating intelligent agents, vision, dy-
namic planning, and qualitative reasoning.

CONCLUSION

The robotics projects presented in this paper illustrate the
utility of the notion of a concept space for experiments in
artificial intelligence. The concept space provides a unifying
framework for a variety of robotics activities and permits
systematic experimentation and development. Experiments
have been conducted and are now underway which are con-
veniently expressed and discussed using the concept-space
taxonomy.

The limited robot domains chosen have resulted in steady
progress in robotics as well, by permitting the orderly inves-
tigation of broader artificial intelligence topics not usually

associated with robotics, such as natural language interfaces
and embedded expert systems.

The mutually beneficial relationship between robotics
and more broadly based artificial intelligence concerns is par-

_ticularly clear when placed in the context of robotics experi-

ments in the concept space.
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ABSTRACT

In this paper we discuss several characteristics of microcomputer PROLOG
implementations including an overview of current products, a comparison of the
range of built-in predicates, a description of the environment, and benchmark
results.
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INTRODUCTION

Although logic programming has a relatively short history in
computer science, its impact has been significant. After the
announcement that the Japanese Fifth Generation Project
would standardize Japan’s 1990s machines around the logic
programming approach,' industry leaders and researchers
began to devote considerable attention to this area. What
follows is a general description of the various implementations
of the logic programming language PROLOG that are avail-
able for microcomputers. These implementations are of con-
siderable importance, for they allow virtually every interested
person to enter the world of logic programming with minimal
expense. It is our intention to acquaint interested readers
with the current state-of-the-art.

PROLOG, as a logic programming language, developed
from the early work of Kowalski>>* and Colmerauer™® in
the 1970s. As this work circulated, prototypes of the language
appeared in France, England, Hungary, and Canada, and
each was injected with some of its own design philosophy. As
aresult, there are at least three different models, each relying
upon its own distinctive syntax, and each appealing to a par-
ticular subset of the research/development community. To
standardize our treatment of a non-standardized language,
we employ the Edinburgh nomenclature” in the following
discussion.

One of the most significant aspects of PROLOG is that, at
least in the ideal, it supports a clear distinction between the
logic of the program and the mechanism of control.® This
means that the programming is oriented toward the logic of
the problem, leaving the control mechanism to the system.
The important implication of this strategy is that the range
of built-in predicates affects the convenience and speed of
software development. However, since the various software
houses have different design objectives, the predicates are not
uniformly distributed over the entire range. Thus, some prod-
ucts may be better suited for certain applications than others.
We provide a detailed classification of these predicates to-
gether with an analysis by product.

Of course, since the control mechanism is largely left to
the implementation, differing strategies will have different
effects upon performance. We also provide a series of bench-
mark results which shed light on the relative performance
characteristics.

The products reviewed here are, alphabetically, Arity
PROLOG, version 4.0 (Arity Corporation); micro-PROLOG
professional (Logic Programming Associates); MPROLOG,
version 2.1 (Logicware); PROLOG 2, version 1.2 (Expert
Systems International); PROLOG-86 + , version 1.0 (Solu-
tion Systems); Turbo PROLOG, version 1.0 (Borland Inter-
national) and VML PROLOG, version 1.9m (Automata

Design Associates). We believe these are the most current
versions. Only one of the MS-DOS implementations that
we know of, PROLOG-V, was not included (at the request
of the manufacturer). One product from Applied Logic
Systems was announced but not released as of this writing.
This paper updates and integrates the results presented in
earlier publications and reports.”'* "

GENERAL DESCRIPTION OF THE
IMPLEMENTATIONS

A general summary of the implementations appears in Table
1. As the table shows, two of the products provide compilers,
and all but one provide interpreters. The lack of an interpreter
for Turbo PROLOG is intended; the designers have devel-
oped a compiler that behaves as if it were incremental (!),
therefore they believe the interpreter is not needed.

Three of the products support virtual memory (up to one
gigabyte in some cases), and all but one provide shell support

TABLE I—Overview

Product: P2 AR LPA MP PB6 VML TUR
Versions 1.2 4.0 PRO 2.1 1.0 1.9 1.0

Interpreter
Compiler
Virtual Memory
Shell Support
DOS Services

Time/Date

Interrupt Facilities
Directory Facilities
Keyboard Facilities
Internal Clock Timing
Editor

Interactive

Multiple Windowing

Screen Control
Modularization

Module Privacy
Export/Import

Multiple Worlds

Multiple Theories
Database Indexing

Clause Indexing

Hashing

B-Trees
Optimization

Cyclic Structure Checking
Garbage Collection Control
TRO

Stack Control
System Information

LIPS count - - - - - + -
Heap Used/Remaining LA R Ve e Y L L e
CPU Time + - - + - - -
DCG + + - + + + -
Structured Programming - + + - + - -

+ o+t o+
+ o+ o+ o+
00+
00+
[
+ o+ b4
+ 0+

[ T A N I R B T T BT T A )
[ T T B A I L
[ R R N R L T T T B S B R |
[ T T T T B T S S S R R O B2
[ R R T N T R TR R S L IR S S

L T T T N TR RS S
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[ |
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I B )
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[ S |

# b-i1 preds f(approx.) 235 170 90 1530 155 210 90
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which allows users to suspend PROLOG and execute inde-
pendent object modules without ailtering the state of the
interpreter (see the Built-In Predicates section). Among the
DOS services supported are those concerning the time/date
information in the control information area, the BIOS/DOS
interrupt facilities, directory-related function calls (e.g., DIR,
MKDIR, CHDIR, RENAME, and COPY), and keyboard
facilities for retrieving scan codes and information from the
keyboard status byte. In addition, some products allow the
use of a programmable timer.

By interactive editor, we refer to an automatic re-invocation
of the editor upon determination of compiler/run-time error.
Multiple windowing refers to the ability to define different
screen functions for the available window partitions. Screen
control allows the user to configure the system for the desired
video attributes beyond the DOS specification for video
mode.

Six products support modularization of procedures. Mod-
ule privacy is a technique whereby predicates are hidden from
users, frequently to prevent name conflicts between modules.
Worlds and theories are similar entities that are used to ac-
complish roughly the same thing. Technically, a world is a
region within a database. One normally would use individual
worlds to avoid backtracking through the larger database of
which the world is a part. A theory is a database region which
may involve the physical separation of the clauses into sepa-
rate files.

Database indexing refers to the way in which the clauses are
indexed and accessed. Clause indexing involves addressing a
clause by its internal reference number. Hashing and B-trees
increase the efficiency of searching. All of these features are
extremely important for large clause sets.

The sub-category entitled optimization is a grab-bag of fea-
tures which in one way or another relate to the efficiency of
the implementation. A cyclic structure is created when a vari-
able is unified with a term which contains that variable. The
result is the generation of an infinite term as the unification
repeatedly instantiates the term’s variable with itself. It is
not at all clear that the procedural interpretation of this phe-
nomenon is consistent with the semantics of first order logic.
Occur checks anticipate this behavior, but do so at consid-
erable cost in efficiency. As a result, occur checking is not
supported (as far as we know). A compromise is cyclic struc-
ture checking. In this case, the variable responsible for the
infinite loop is returned in lieu of the infinite term. This sur-
rogate does not appreciably decrease performance. Garbage
collection control and stack control allow a programmer
greater latitude in speed/space trade-offs. TRO stands for tail
Trecursion optimization.

The system information features are useful for bench-
marking and program development. DCG refers to the mech-
anism for translating definite clause grammars into PROLOG
clauses. Finally, a ¢+ for structured programming indicates
that such control structures as “if then...else...,” “case,”
and so forth, are available.

We note that the number of built-in predicates specifically
excludes a count of logical and arithmetic operators. Further,
the numeric tally of the built-in predicates shouid be inter-
preted as an estimate of the number of substantially different

predicates, rather than the total number. For example, since
the distinction between ‘““getO(term)”” and “getO(handle term)”
is one of input type rather than functionality, both would be
subsumed under one predicate. However, the capabilities of
redirecting the standard input would be noted in the feature
tables. Other cases of essentially duplicate functionality in-
clude predicates related to /O, clause handling, formatting,
string manipulation, and so forth. We believe that this ‘“‘selec-
tive tally” approach provides a more reasonable first glance
estimate of overall functionality than those which overlook
the fact that some predicates are extremely narrow in scope,
and that predicates are not distributed uniformly over the
range covered in our classification.

One general consideration does not appear in the table.
This concerns the issue of whether one of the products is a
legitimate PROLOG. We do not enter into the controversy
here beyond mentioning that Turbo PROLOG is a strongly
typed language that does not support general unification.
Further, it lacks the metalogical facilities normally associated
with PROLOG environments. For further details on this is-
sue, see Weeks and Berghel' and Pereira.'> Additional dis-
cussion of Turbo PROLOG can be found in Rubin'>** and
Shammas."

BUILT-IN PREDICATES

The classification of predicates used here is an emendation of
the taxonomy employed in Weeks and Berghel.” The scheme
is somewhat arbitrary and is simply the approach to the
classification we find convenient. We call attention to the fact
that the categorization is intended only for ease of use. For
example, creating a separate category for strings does not
imply that strings are separate data structures. No predicate
was counted unless it appeared in the documentation for
the product. Since the tables are self-explanatory, we make
only very general comments regarding anomalies within the
classification.

LPA’s micro-PROLOG is distinctively different in terms of
built-in predicates. In this case, there are multiple program
environments, each of which has its own set of predicates.
The environments are SIMPLE, micro-PROLOG, and
DECsystem-10. Both SIMPLE and micro-PROLOG use
syntax based upon the Marseilles implementation, where-
as DECsystem-10 is essentially the Edinburgh syntax. Fur-
ther, as a simplified interactive version of micro-PROLOG,
SIMPLE has its own character: it supports infix notation. This
makes the classification difficult because the range of built-in
predicates depends upon the environment.

Although SIMPLE and micro-PROLOG are compatible
to the extent that any module written in SIMPLE can be
included in micro-PROLOG, neither is completely compat-
ible with the DECsystem-10 environment. To illustrate, one
can access micro-PROLOG clauses from the DECsystem-10
mode, but not the converse. As a result, such features as
DCG’s, which are supported in the DECsystem-10 environ-
ment, are not available under micro-PROLOG. Thus, the
question becomes one of which environment should be com-
pared. Since the DECsystem-10 predicates are only a subset
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TABLE II—V/O predicates

TABLE III—Control predicates

Product: - P2 AR LPA MP PB6 VML TUR

PROGRAM/CLAUSE 1/0
save ws by predicatels) - + + -

delete ws by file - - - - + + -
replace ws w/file - - - - + - _
update file from ws + - - + -
load/save binary image + + - - - -
load/save state + - - - - -

CHARACTER 1/0
get char from stream/file LTAE VA SR VAR VA T VA NN VA B e

get pr char (stream) + + - + + - -
get w/o echo (stream) + + - - — + -
skip to char (stream/file) +/+ +/+ -—/= /= +/+ +/+ ~—/-
skip w/o echo (stream) - - - - + + -
put char to stream/file LTA R VA BV V4 T YA RV S A
newline (stream/file) (AR VAR R YA R VA S VR VA
newpage {stream) - - - + - + _

write spaces (stream/file) +/+ +/+ /- +/+ +/+ +/+ +/+

STRING 1/0

get string from stream/file +/+ +/+ <—/- +/+ +/- +/+ +/+
put string to stream + + - + + + +

TERM 1/0

read term from stream/file +/+ +/+ +/+ +/+ +/+ +/+ +/+
read token from str/file AT VEREE FE R L I Y L
read number from str/file +/+ =f~ =/= /= /= #/+ A/
write to stream/file LTAR VAN VA SR YA R VA B VA A
write quoted to str/file VARV S VE JE V2 SR YA R VL N VA2
write ops prefix str/file +/+ H/+ /= =)= == #/+ /-
write formatted + + + + + + +

declare operator + + - + + + -

remove operator + + - + - + -

get info about operator + + - + - - -

define a prompt for I/0 + - - - + -~ -

direct file access position + + + - + + +

fixed length file access - - * - - - -

report on output environment + ~ + + + - -

of Clocksin/Mellish, we evaluated micro-PROLOG. We em-
phasize that without complete compatibility, representing the
product by an “inclusive-or” tally of each of the three environ-
ments would be misleading.

In a similar vein, M PROLOG has a distinctive way of
supporting predicates. Some predicates, such as those for
program/clause I/O and debugging and tracing, are supported
only within the professional editor, PDSS. As a result, the
tally of predicates refers only to those predicates in the
language, although the features supported include those sup-
ported in PDSS as well. We believe this is the most reason-
able way to describe M PROLOG.

With regard to program/clause I/O (see Table 2), the kernel
is the pair of predicates which loads and stores a file (vari-
ations of consult and reconsult). However, the enhancements
mentioned in Table 2 can save an enormous amount of work.
One must remember that only consult and reconsult were
present in the original PROLOG specification, so the vari-
ation between products is quite wide. For example, some
products offer load options that are not cumulative and others
use buffered I/O which is user-transparent.

Since the control predicates for success and failure are
part of the language standard (such that it is), they are not
included in the comparison (see Table 3). We note, however,
that Turbo lacks the success predicate. Further, it is now quite
common for products to include limited cuts (e.g., “snips”),
which are useful but not part of the original language. In

Product: P2 AR LPA MP P8& VML TUR
STREAM/FILE CONTROL

create a file + + + + + + +
open a stream/file LA R Y SRR VA SR Y4 N VL R L B
close a stream/file AR VA BN VE N VA R YA VA R VS
temporary redir stdin + + + + + + +
temporary redir stdout + + + + + + +
turn on/off error calls - + - + - - -
BACKTRACK ING

cut + + + + + + +
repeat + + - + + + -
logical set + + + + + + -
explicit procedure call + + - + + + -
special termination + + + + + - +
number of solutions + - + - + + -

Table 5, full relational set refers to the set of operators
{<,>,< =,= >} or their notational equivalents.

Structure manipulation (see Table 7) is important if one is
to take full advantage of symbolic programming. Particularly
important are such predicates as the ability to unify on arbi-
trary tree structures, decompose, compose, and convert be-
tween structures.

We also wish to note that, in contrast to earlier re-
ports,” !> the present comparison indicates that a great deal
of attention is being paid to extensions to the language. We
believe that this reflects a desire on the part of the developers
to establish PROLOG as a complete language environment
rather than simply an experimental tool. To illustrate, the
number of built-in predicates in the products under study
that are not directly related to PROLOG typically constitute
between 25 percent to 35 percent of the total.

PERFORMANCE CHARACTERISTICS

Traditionally, performance assessments fall into two cate-
gories. In some cases, the analysis is based upon an abstract
model of the environment. Simulation and stochastic model-
ing illustrate this sort of evaluation. In other cases, the actual
performance of the system in use is measured. These are
usually called “benchmarks” or “workload models.” In either
case, one seeks to extract from the analysis some estimate of

TABLE IV—Term predicates

Product: P2 AR LPA MP P8BS WML TUR
CLASSIFICATION/CONVERSION
is a variable

is a non variable

is an atom

is a number

is either atom or number
is a list

is quoted

is name -

I+ 4+ + 4+ + +

[ S

[ R

I+ 4+ o+ o+t

+ 4+

P+t o+ o+
!

COMPARISON

matching plus unification
does not match

equivalent

not equivalent

relational inequalities

+ 4+ + + 4+
+ + + + +

[
+ o+ kot
+ o+ o+ o+ +
+ o+t o+ o+
+ o+ + o+ +
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TABLE V—Arithmetic evaluation predicates and operators

Product: P2 AR LPA MP PB&6 VML TUR
PREDICATES

evaluate and unify
arithmetically equal

not arithmetically equal
full relational set

+ + + +
+ o+ o+ 4

+ o+ +
+ o+ o+ +
+ + + +
+ + + +
+ ot o+ o+

OPERATORS
arithmetic operators
X*%n
int{f or n)
float(f or n)
log2(X)
1og10{X)
lognat (X}
abs(X)
round(X,N)
sqri (X}
s5in(X)
cos(X)
tan(X)
asin(X)
acos{X)
atantX)
floor (X}
greatest integer
atoi(<ascii>,<int>)
stof(<asciid>,<flt>)
bitwise AND
logical AND
bitwise OR + + -
logical
bitwise EXCL-OR
logical EXCL-OR -
bitwise NEGATION
arithmetic NEGATION
n-bit shift(left)
n-bit shift(right?
random number
random seed - - -
counter

+ 4+
|4+

+
+

+ o+t o+t
|
1
'

+
I
!

I
1

1
(
|
I+ o+ + + + + +
+ + + + )+ + o+

+ 4+ + + + o+t
| |
| t
+ 4+t o+ o+ o+

i
I

+

+ 4+t + 1+t o+ o+ o+ o+

1
1
LR |

]
0
I 1
I [
1 (.
[ |
+ + + + +

1
I
|
I

I+ 4+ o+ 4+
LR
|
P+t + 4+ + 4+ + + 4+ + 0+ o+t 4+
1

1
[ |
L+ + 4+ 4+ g+

1
+
i

TABLE VI—Database control predicates

Product: P2 AR LPA MP PB&6 VML TUR
CLAUSE CONTROL
list all clauses
list specified clauses
assemble/disassemble clause
add a clause to the database
remove:
first clause for predicate +
all clauses for predicate +
report presence of predicate

+ + + +

+ + + +

+ 4+ o+ +

+ + + +

+ o+ o+ +

+ + + +
1

+
+
+
+
+
+

+
+
1
+
t
+
[}

TERM CONTROL

record term +
erase term -
report term -
replace term -
manipulate reference # -

ot ot
1
[
i
I
i

system performance in terms of responsiveness, throughput,
and cost.'®

Ideally, the programs used in benchmarking are known a
priori to be relevant to the intended application of the com-
puter resource. From our experience, this ideal is seldom
realized. Instead, general-purpose and “home-grown” pro-
grams which anticipate patterns of usage are used. Of course,
if the anticipated patterns are unrealized, the benchmark re-

TABLE VII—Structure manipulation predicates

Product: P2 AR LPA MP P8BS VML TUR
structure unification pred + + - + + + -
get the Nth argument + + - + + + -
convert list/structure - + - + + + -
convert list/atom + + - + + + -
convert list/string + - + + + - -
length of a list + + - + + + -
sort list + + - + - - -
append + - - + - + -
TABLE VIII—Set predicates
Product: P2 AR LPA MP PB6 VML TUR
set unification + - + +
findall/bagof + + + + + + +
membership - - - - +
intersection - - - - - - -
union - - - - - - -
TABLE IX—String predicates

Product: P2 AR LPA MP PB& WML TUR
search for substring + + - + + - -
get substring + + - + + - -
get position of substring + + - + + - -
get length of substring - + - + - -

get length of string + + - + + -
concatenate strings + + - + + + +

TABLE X—Debugging and trace predicates

Product: P2 AR LPA MP PB& VML TUR
trace program execution + + + + + + +
trace single geoal + + + + + + -
trace multiple goals + + + - + - -
report goals to be traced + + + + + + -
goal ancestry + - - + + + -

TABLE XI—Shell support predicates

Product: P2 AR LPA MP PB6 VML TUR
EXEC + + + + + +
report file existence + - - - - +
rename a file + + + - + - +
erase a file + + + - + + +
link files - + - - - - -

sults are likely to be unreliable. We mention this because we
believe benchmarks are very coarse measurements; and,
consequently, we encourage readers to take our results with
a large grain of salt.

Benchmarks are not without value as long as their results
are not misused. Misuse can result from misrepresenting the
relevance of the test or by misinterpreting the resuits.”” We
propose a modest objective: we try to gain some general un-
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derstanding of the performance of the PROLOG products by
running rather typical sorts of procedures, in fact, those pro-
cedures we use most often. As aresult, our findings are biased
toward our own interests in computational linguistics'®* and
approximate string matching.”** However, because the rou-
tines we used are mainstream, our results may be of interest
to others.

In the interest of completeness, we refer the reader to the
work of Wilk at Edinburgh.*>* Wilk’s approach is completely
different. His intention is to develop standard benchmark
techniques for PROLOG environments, carefully selecting
benchmarks so that the entire breadth of PROLOG func-
tionality is measured. This is an ambitious project and worthy
of continued attention, although we suspect no general agree-
ment will be reached regarding the confidence level to assign
to his tests.

We also call your attention to other PROLOG benchmark
results appearing in the trade press,'>? which occasionally
are at odds with our own.

BENCHMARK RESULTS

We begin the results discussion with an analysis of recursion
limits. Because PROLOG is an ideal environment for recur-
sion, it is natural to determine the cost of implementation. In
microcomputer environments, memory consumption usually
is more critical than processing speed. The part of memory
most affected is the stack. Unless some optimization takes
place, recursion may fill the stack with unnecessary latent
calls. To reduce this problem, software developers implement
such functions as structure sharing, garbage collection, and
last call optimization. Because users typically have no way of
knowing whether and to what extent optimization is present,
empirical tests are useful.

We performed two separate recursion tests on each prod-
uct. The tests were adapted from Covington.”> The number
of full recursions before failure (stack space exceeded) is
presented in Figure 1. When possible, we defined the largest
stack space possible in the environment file. Otherwise, de-
fault values were used.

Tail recursion (see Figure 2) should be more efficient be-
cause the recursion is invoked at the end of a goal set. For

RECURSIONS

8000 T 7351 7780
7000 1
6000
5000 1
4000 1
3000 1

1806
2000 14363 1279

1
0 + .

P86 VML APl P2l MP LPA APC P2C TUR

Figure 1—Recursions before failure (normal recursions)

RECURSIONS

75000 75000 75000

70000+
60000+
50000+
40000+
300001
20000+
100001

(1363 1499
0 Loy o

P86 VML API P2i MP

LPA APC P2C TUR

Figure 2—Recursions before fajlure (tail recursion)

interpreted PROLOG 2, micro-PROLOG, and Turbo, the
tests were terminated at 75,000 recursions. Since these prod-
ucts claim optimized tail recursion, additional testing seemed
unnecessary. In the case of Arity PROLOG, the failure was
not a result of non-optimization; it was a result of the way
that the counter represents large integers. Because there is no
way of determining the upper bound on recursions without a
counter, Figure 2 provides the actual results without adjust-
ment.

The next benchmarks deal with string operations, and are,
for the most part, standard procedures defined in Clocksin
and Mellish.” The values are presented in terms of run times.
The results of all tests appear in Figures 3 and 4. Naive re-
verse is a variation on the de facto standard benchmark for
PROLOG. Despite its frequent use, it has shortcomings: it
can overstate the efficiency of the implementation.

The last test (see Figure 5) is a general benchmark which is
supposed to have its origins in ICOT. The code fragment is as
follows:

tak(X,Y,Z,Z):-X = <Y, .

tak(X,Y,Z,R):-
tak1(X,Y,Z,R1),!,
tak1(Y,Z,X,R2),!,

SECONDS
500 .

412

400 | Q

300 |

H Substitute

Unwind

Figure 3—String functions (interpreters)
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SECONDS
. 7
[ 7 Append
6| % TTTTTTT] Reverse
51 /5 / Y Pelete
%7 4 / HHHHHH Substitute
4l % / /7] unwind
3 3 3
3| %
2 2 / 2
21
1 / 1
14 0.6 0.7 0.6
AN SN e -
APC P2C TUR
Figure 4—String functions (compilers)
SECONDS
300
260
250 4
200 {
150 &
100 |
44
50 | 32 04 ==35 22
o|_™ L
P86 VML APl P2l MP LPA APC P2C TUR

Figure 5—Agglomerative benchmark

tak1(Z,X,Y,R3),!,

tak(R1,R2,R3,R),..
tak1(X,Y,Z,R):-X1 is X-1,

tak(X1,Y,Z,R).
?-tak(12,8,4,N).

The test was provided by Robert Morein of Automata
Design Associates. It is an agglomerative measure which at-
tempts to assess the overall strengths of the products. We note
that PROLOG 86 + would not run the program, presumably
due to inefficient memory reclamation.

For additional details on these and other benchmarks, in-

cluding a listing of the clause sets, see Berghel, Stubbendieck,
Traudt."

CONCLUSION

As increasing attention is paid to PROLOG, growing num-
bers of researchers and system developers wish to avail them-
selves of PROLOG implementations. For many, micro-
computer-based products offer the most cost-effective way to
exploit logic programming. This paper is intended as a general
overview of these products so that interested parties may se-
lect the product most consistent with their needs.
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ABSTRACT

This paper introduces speech synthesis. Included are: a review of current synthesis
technologies, an examination of the component algorithms and control structures
needed for text-to-speech synthesis, and a discussion of current and future research
topics.
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INTRODUCTION

The purpose of this tutorial is to introduce speech synthesis.
Included are: a review of current synthesis technologies, an
examination of the component algorithms and control struc-
tures needed for text-to-speech synthesis, and a discussion of
current and future research topics.

Current Synthesis Systems

Speech synthesis refers to two kinds of processes: (1) en-
coding, transmission or storage, and decoding of natural
speech that might better be called “re-synthesis”; and (2)
synthesis of speech by rule from linguistic input such as writ-
ten text. One common method of encoding/decoding speech
at low bit rates is Linear Predictive Coding (LPC) which is an
efficient method of de-convolving the fundamental frequency
from the spectral envelope based on the assumption that the
speech spectrum can be adequately modeled as an all-pole
linear filter that is excited by an impulse train. Fundamental
work on LPC is presented in Markel and Gray,' Makhoul,’
and Atal and Hanauer.? Encoding speech for later resynthesis
is reviewed by Flanagan.*

The focus of this tutorial is speech synthesis by rule and, in
particular, synthesis from text.

A paper by Kaplan and Lerner’ reviews commercial offer-
ings in synthesis, and includes an overview of the component
processes in the Prose 2000 product. Other system-level de-
scriptions of text-to-speech systems can be found in Allen,®
Allen, Hunnicutt and Klatt,” Hertz,® and Umeda.’ An early
Bell Laboratories systems is clearly presented in the text of
patent 3,704,345.%°

Text to Speech Components

A text-to-speech system can be implemented as a set of
processes connected in series. The first linguistically inter-
esting process of a text-to-speech converter is the system for
translating words (as written in standard spellings) into pho-
nemic forms that describe pronunciations. This is usually
called letter-to-sound (LTS) conversion. The classic sources
that provide complete descriptions with complete rule sets are
Mcllroy;"" Hunnicutt;'? and Elovitz, Johnson, McHugh, and
Shore.” A comparison of Hunnicutt’s and Elovitz’s rules is
presented by Bernstein and Nessly.'* A more recent approach
to LTS is explained in Hertz.® Related morphological and
lexical issues are covered in Allen,” Umeda,’ and Church.”

The next process in series is allophonics. Allophones are
contextually conditioned variants of phonemes. Rules for se-
lecting the appropriate allophonic form for a phoneme in a

given context are important in synthesizing natural-sounding
and intelligible speech. Rule sets are given in Klatt'® and
Allen® for synthesis; computational allophonics are discussed
with recognition applications in mind by Oshika, Weeks, Nue,
and Auerbach;"” Woods et al.'® and Church.”

After the text to be spoken is in allophonic form, a subse-
quent prosodic process is required to assign a rhythm and
melody to the string of allophones. Conventionally, the
rhythm of the sentence is taken to be the result of segment-
level durations. The best duration rules in the literature prob-
ably are Klatt’s.’>*° A general problem with the rhythm of
synthetic speech used in text-to-speech systems results be-
cause the systems do not “understand” what they are saying,
and conventional punctuation is less than complete (following
the “when in doubt, leave it out” school of commas). One
might gain some speech quality by implementing some of the
processes studied by Cooper and Paccia-Cooper.*!

The melody of English sentences is encoded in the funda-
mental frequency (f0) of the voiced portions and the way that
the f0 patterns are aligned in time. Most text to speech sys-
tems use some version of a “hat and declination” f0 pattern®
as, for instance, parameterized by Maeda.* This f0 rule pro-
vides a humdrum rendition of most neutral declarative sen-
tences of the kind on which the hat and declination studies
were based, but it becomes wearing in connected text. Other
sources on f0 patterns are Cooper and Sorensen> Bernstein’s
review” of Cooper and Sorensen, and a recent collection
edited by Cutler and Ladd.?® The most promising recent de-
velopment is Pierrehumbert’s PhD. thesis,” but her 1981
paper®® suggests a meaning-blind application of her theory
which reduces it almost to a variation of Maeda.”

The next process used in text-to-speech systems converting
a linguistic transcription of allophones with durations and f0
values into a parametric description suitable to drive a signal
synthesizer. An excellent and clear introduction to this aspect
of synthesis is Chapter 6 of Flanagan.* The somewhat stan-
dard approach now is Klatt’s® synthesis by rule logic that is
used in DECTalk, the Prose 2000, and new products from
Texas Instruments and IBM. Klatt presented his approach
in more detail in Allen, Hunnicutt, and Klatt.” Some
alternative approaches to phonetic synthesis are discussed
in the “Phonetic Synthesis by Concatenation” section of this

paper.

FAST LETTER-TO-SOUND CONVERSION

Introduction

The usual practice in letter-to-sound conversion®'>** in-
volves checking substrings of letters and right and left contexts
for each of several rules, then replacing the letter string with
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a phoneme string. Movement is from left to right through the
word, with stress assignment and vowel reduction handled in
a second pass through the word (usually from right to left).
Unfortunately, the resulting software has been Byzantine, or
the phonemic output is inaccurate, or both. Within this gen-
eral framework, there also have been several attempts to
automatically train letter-to-sound rules for optimal accuracy
or size.'">*>*' These optimizing approaches have not resulted
in high accuracy systems for several reasons but at least in
part because they assumed an overly restricted algorithm
structure.

Linguistic Content

This section describes elements of an algorithm and its asso-
ciated data structures that allow fast and accurate letter-to-
sound conversion in English. The description ignores affix
stripping. The structure of the algorithm is based on three
generalizations about the linguistic content of the rules of
English spelling and phonology:

1. The rules of English phonology (and the published rule-
sets for letter-to-sound conversion) may have more dif-
ferent left environments but many more rules have right
environments than have left environments.

2. Stress assignment (inside the stress-neutral suffixes;
e.g., -ed and -ing) is much more simply handled from the
right end of the word than from the left end.

3. There are orthographic cues for certain letter-sound cor-
respondences that are not phonological. Such cues are
either morphological or reflect changes in spelling con-
ventions.

Design Consequences

Taking advantage of the historical and linguistic nature of
English spelling, a system can perform high accuracy letter-to-
sound conversion, stress assignment, and vowel reduction in
one right to left pass, starting inside the stress-neutral suffixes
(e.g., “-ing” or “-ly”’). Thus, a right-environment semaphore
can be set by the operation of the previous rule and checked
with a single instruction. Furthermore, stress assignment can
be accomplished by using three bits of the semaphore and a
pointer to the last vowel phoneme, if any. The principal ad-
vantage of this approach is increased speed. The increased
speed results because the largest portion of the processing
time in most implementations of context-sensitive rules is
spent context matching (some 80 percent or more of which is
trivialized in this approach). The rest of the summary de-
scribes the rule structure and semaphore flags used and gives
an example of how they work.

Details

A rule example is:
(e.g., for (ian) as in “Armenian”) :
Right environment semaphore:
(Boundary)

Letter string:
IAN
Left environment:
(or (N (sequence TH) (sequence PH)))
Phoneme string:
EaN
Semaphore Set:
(Tense Vowel & I-Short)

This example means check for the boundary bit in the sema-
phore. If set, check the letter string, and if it matches, check
the left environment which could be N or TH or PH. If right,
replace the “ian” with /EaN/. Then, the phonological flags
(like voiced, vowel, high) are set from the /E/, and the tense
vowel and I-short flags are set out of the rule. The other
consequence of this rule would be to increment the syllable
count by two.

The semaphore has three kinds of flags: (1) logical bits,
like negative and disjunctive, that control the interpretation
of the remaining flags; (2) the usual phonological flags such
as voiced, nasal, stop, sonorant, and labial, that are set based
on the leftmost phoneme inserted; and (3) morphological/
orthographic flags such as soft, palatalize, irreducible, and
latin, that are explicitly carried in the rule.

PHONETIC SYNTHESIS BY CONCATENATION

Designs for Phoneme-input Unlimited LPC Synthesis

Phonemic synthesis is the transformation of a transcribed
pronunciation, like that found in a dictionary, into a speech
signal. Sivertsen™ is the classic reference on inventories for
synthetic speech by concatenation. Units that have been tried
with known results include phonemes, allophones, diphones,
syllables, demisyllables, and words. Any of these units may be
the internal unit in a phoneme-input synthesizer because the
map from phonemic input into any of these units is straight-
forward. The issue is: Which unit can give the highest quality
at a reasonable memory size? In the following sections we
describe allophones, diphones, and demisyllables with refer-
ence to synthesis.

Allophones

Allophones are contextually determined variants of pho-
nemes; so they are the same “size” as phonem§s except there
are more of them. Though linguists rarely identify more than
60 allophones in English, for reasonable synthesis one might
need as many as 300 vowel allophones and 100 consonant
allophones {assuming consonant voicing by rule.) For in-
stance, a system might need a “labial-velar /e/”” as in “beg”,
and also use it in any of the contexts with {p,b,f,v,m} on the
left and {k,g,ng} on the right. A description of Texas Instru-
ments’ allophonic synthesizer can be found in Electronic De-
sign, June 25, 1981. With 128 allophones, the resulting speech
is poor. C. Harris’ early report™ on the possibility of splicing
phoneme length units is discouraging. Some of the reasons
for the failure of phoneme concatenation are discussed by
Wang.>*
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Diphones

Diphones are stored lengths of speech that extend from
near the target of one phoneme to near the target of the next.
The diphone is an appropriate unit for synthesis because co-
articulation is mainly restricted to the immediate phonemic
context. In speech, the path between phoneme targets often
is non-linear and even non-monotonic within any usual acous-
tic parameter space (e.g., track the formants or LPC coeffi-
cients in the word “joy”’). Thus, the primary advantage of
diphones over allophones is that they include exactly the tran-
sition from one target to the next. The first diphone system
was described by Dixon and Maxey;* more recent diphone
work has been reported by Olive* and by Schwartz, Klovstad,
Makhoul, Klatt, and Zue.”” Although there are only about 40
phonemes in English and thus, ideally, about 1600 diphones,
Schwartz suggests that about 2000 diphones would be needed
for high quality diphone synthesis because some diphones are
not really context-free, and the vowel dipthongs in English
should be treated as pseudo-diphones.

Demisyllables

Demisyllables are initial or final portions of syllables that
can be concatenated to form syllable sequences. Syllabic syn-
thesis should be a very natural way to synthesize by concate-
nation, because (it is claimed) allophonic and coarticulatory
variations rarely cross syllable boundaries. A method for cut-
ting and joining demisyllables for synthesis by concatenation
has been outlined by Fujimura, Macchi, and Lovins.*® They
estimate between 1000 and 1200 demisyllables would be
needed for a high quality unlimited synthesis system.

Hybrid

A hybrid concatenation system may be necessary to fix
apparent problems with any of the three concatenation
methods. In particular, LPC-based concatenative synthesis
methods have trouble with sequences like (vowel) {l,r,y,w}
(vowel). These ‘‘vowel-medial semi-vowels”” can be handled
by what Sivertsen calls “syllable dyads.” to synthesize these
sounds by concatenation, about 300 vowel-medial semi-
vowels would have to be added to any of the inventories. A
system that actually reaches production may need to include
several types of units reflecting solutions to various detailed
problems encountered in development.

System Requirements for Thesé Designs

Assuming 42 bits per frame, an average speech rate of 150
words per minute, and a microprocessor that is fast enough to
interpolate every other 20 msec frame, we can calculate a
nominal memory size for each of the concatenation methods
outlined. It probably is best to generate prosodic information
by rule within the synthesizer system rather than try to store
and adjust pitch, amplitudes, and gains as appropriate to cur-
rent context. The “overhead” code (including the map from

phonemes to internal units and the prosodics) would be less
than 20k bytes.

1. Allophones. Full length vowels average 180 msec and
consonants average 80 msec. Sampling every other 20
msec frame yields 4.5 frames per vowel and 2 frames per
consonant. 300 vowels and 100 consonants, therefore,
can be stored as 1550 frames at 6 bytes/frame for an
allophone table of 10k bytes.

2. Diphones. Inter-phoneme transitions average about 100
msec. Sampling every other 20 msec frame of 2000 di-
phones that average 100 msec in length requires 5000
frames to be stored in 30k bytes.

3. Demisyllables. The average length of a demisyllable is
260 msec. 1200 demisyllables of 6.5 frames each would
require storing 7800 6-byte frames in 48k bytes.

Reasonable quality synthetic speech should be possible with
a total memory size between 40 kbytes and 70 kbytes, an LPC
chip, and a microprocessor. Methods such as vector quantiza-
tion for compressing LPC data could reduce the nominal table
sizes given here by 10 percent to 40 percent.

VOICE INSTRUMENTATION

One could use vocal cues to direct user attention and to code
the source and urgency of information within a voice interac-
tive command/control environment. Voice output has several
particular advantages in a user interface, especially when inte-
grated with a voice recognition capability. A voice message
reaches users regardless of their visual orientation and, like a
flashing display or a red warning light, it can notify users that
the system designers believe some aspect of the current situ-
ation requires user attention.

Also, voice response or verification are needed to maintain
the advantages of voice input during “hands-busy eyes-busy”
operation. Note, however, that just as an all-red instrument
panel would decrease the advantage of bright red warning
lights, routine or needless use of voice output could nullify its
real advantages—especially if the same or a similar voice re-
cites all the messages in a similar way. Therefore, there is a
need to think carefully and design voice into complex displays
in ways that use the distinctive communicative value of voice
to best advantage.

In contrast to a written message, a spoken message carries
several kinds of indexical information (for instance, the gen-
der, size, and age of the speaker) as well as paralinguistic
signals that express the speaker’s attitude toward the message
(for instance, the message is routine, or surprizing, or urgent).
By understanding and modeling the indexical properties of
speech, we can develop separate vocal identities for different
information sources. Through control of the paralinguistic
aspects of a synthetic speech signal, we can use conventional
modes of speaking to command a user’s attention or reinforce
the intent of the message by speaking it in a manner consistent
with its content.

For example, differences in speech might be observed as
message content changes from routine (e.g., “Fuel level at 80
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percent”) to urgent (e.g., “Fuel level reading inconsistent™).
At each level of linguistic description, and at every stage in the
synthesis process, there can be changes that reflect urgency.
From the research literature we can guess that both voice pitch
and amplitude may increase and that voice pitch may become
more dynamic. Furthermore, the timing of the message and its
enunciation may change, although these changes are less well
understood. One course of action is to identify and test hy-
potheses about these changes by studying human speech; then
decide the correct level at which to implement these changes
in the message-generation subsystem of the command/control
system. }

The currently available text-to-speech devices (in particu-
lar, the Prose 2000 and DECTalk) are limited in the range of
control that the host processor has over the indexical and
paralinguistic properties of the synthetic speech. The Prose
2000 allows considerable control of speech parameters related
to paralinguistic meaning, but supports a limited range of
voice identities. DECTalk, in contrast, features six different
voice identities, although host control of paralinguistic aspects
is limited. Neither device offers the host a full set of appropri-
ate controls for selecting voices and for encoding apparent
attitude into the speech signal.

Steps needed for incorporating multiple voices into the
command/control environment would involve: (1) under-
standing the acoustic-phonetic bases of indexical and paralin-
guistic information, (2) formulating that information in a way
consistent with the message-generation logic of the command/
control system, and (3) adapting (i.e. simplifying) the voice
output control specification to the limitations of the available
synthesis devices for demonstration and user evaluation, or
(4) attempting to implement a special-purpose synthesis sys-
tem to support the full range of indexical and paralinguistic
cues identified in (1).
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Voice mail and office automation
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ABSTRACT

Contrary to expectations of a few years ago, voice mail or voice messaging technol-
ogy has rapidly outpaced speech recognition and speech synthesis in applications for
office automation. This growth is a result of rapid technological advances in such
areas as computing technology and digital telephony. The falling cost of voice
message storage, the power of computer control of messaging, and user comfort
with voice information all contribute to making voice mail desirable.

This paper reviews voice mail technology, including coding and storage. Also,
three office automation areas are discussed. Finally, lack of standards for voice mail
is discussed.
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INTRODUCTION

As recently as seven years ago in a survey of the speech
technology market’ there were predictions of rapid advances
in the use of speech recognition and speech response for com-
puter input and output. However, in the same report there
~was no mention of voice mail! Today we find that voice mail
(also called voice store-and-forward or voice messaging) and
its supporting technology have become the major market in
speech technology and are becoming an intimate part of office
automation.

The major economic/technological reasons for the rapid
growth of voice mail have risen out of the advances in com-
puting technology. These advances have led to extensive use
of computers in office automation and to advances in digital
communications including digital telephony. Speech signal
processing for data compression has become economical;
storage of digital information has become even more eco-
nomical. With speech in digital form, computer control can
provide maximum flexibility in supporting applications involv-
ing storage and retrieval of audio information. Additionally,
the telephone is still the ubiquitous terminal; it is everywhere.

The other major reason for the growth of voice mail is a
matter of human factors. Speech is the natural means for
human communication and individuals like to use it when it is
convenient to do so. The importance of this last point cannot
be overemphasized; applications must fit user needs.”

In the following sections, the technology of voice coding
and storage, applications including office automation, and a
standards issue are discussed.

VOICE CODING

Data and Information Rate

Telephone-quality speech signals may be simply encoded at
a sampling rate of 8,000 samples per second. These samples
may then be converted to digital representation using an ana-
log to digital (A/D) converter; 11 bits per sample, or a rate of
88,000 bits per second, maintains telephone quality. How-
ever, if we examine the information rate in such a signal we
conclude that it is well under 100 bits per second. This conclu-
sion is obtained by assuming a speaking rate of four words per
second, a generous estimate of 15 bits per word, and an allow-
ance of 40 bits per second to account for ancillary information
such as the speaker’s identity and perhaps some indication of
the speaker’s physical and mental state. Voice coding methods
are used to reduce the gap between the data rates of simply
digitized speech and the true information rate.

Removal of Redundancy

The step following simple digitization consists of encoding
the samples in a way that tries to eliminate some of the redun-
dancy in the signai. Encoding may be minimal or extensive;
with extensive encoding, speech intelligibility and quality is
reduced and increased computational requirements are in-
curred. Some encoding methods attempt to extract param-
eters that are directly related to modeling speech signal gener-
ation as a vocal tract excited by an appropriate source. A
comprehensive discussion of voice coding is contained in the
treatise by Jayant and Noll.?

Waveform coding

Waveform coding methods deal directly with digitized voice
signals. The simplest waveform coding uses only those signals
as quantized by the A/D converter; more complex waveform
coding methods remove some or much of the inherent redun-
dancy by methods that do not take into account information
about generative constraints in the voice signal. There are two
significantly different types of waveform coding. The first type
of coding, framed signals, represents each time sample with a
fixed number of bits that must remain in frame synchroniza-
tion. The second type of coding, unframed signals, uses only
one bit per sample and; achieving frame synchronization is
not a problem.

Framed signals. The simplest framed signal is an 11-bit lin-
ear quantization of the speech samples often called pulse code
modulation (PCM). It also has been determined that loga-
rithmic companding (compressing followed by expanding) of
a speech signal will provide the same perceived fidelity with
the logarithmic samples described as 7-bit quantities. This
log-PCM at 56,000 bits per second has been the standard for
most digital telephony. Other forms of waveform digitization
based on PCM include differential PCM (DPCM) and adap-
tive differential PCM (ADPCM). These variations attempt to
exploit some of the redundancy remaining in the PCM quan-
tized sequence. The difference in DPCM between successive
samples can be encoded with fewer bits. In ADPCM, a certain
amount of past history is retained and used to determine
whether the quantization step size should be changed. In dif-
ferentially coded systems, such as DPCM and ADPCM, any
bias results in a gradual drift of the signal. This is countered
by introducing a less-than-unity feedback in the reconstruc-
tion feedback loop. Currently, a 32 kbit/sec ADPCM standard
is being implemented for digital telephone circuits. It will
eventually replace the present log-PCM standard by providing
telephone quality speech at 32,000 bits per second instead of
56,000 bits per second.
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Another way of reducing the data rate of a PCM signal is
called “block PCM”’. Because speech signals usually remain in
high or low amplitude for a considerable number of milli-
seconds, blocks of PCM values having fewer steps can be
accompanied by a block multiplier. Still another PCM deriva-
tive is sub-band coding. This method takes advantage of signal
redundancy in a different manner: the spectrum is filtered into
two or more frequency bands, each of these “sub-bands” is
downshifted to baseband, sampled at an appropriate rate,
then digitized and encoded. Since the upper frequency sub-
bands contain less information than low frequency sub-bands,
coding efficiency is improved by using appropriate and possi-
bly different coding methods for each sub-band.

Unframed signals. Unframed signal waveform coding of
speech uses one-bit frames thus, frame synchronization can
never be lost. This coding method is known as delta modu-
lation. Delta modulation is accomplished by sampling the
speech waveform considerably faster than required by the
sampling theorem and by performing a reconstruction of the
waveform with unit steps between successive samples. Anal-
ysis is actually performed by comparing the sampled signal
with the reconstruction. The sign of the difference of these
two signals is encoded as a 1 or a 0. If the reconstructed signal
lags behind the true signal for too many samples, a condition
known as “slope overload” is said to exist. Slope overload is
countered by increasing the complexity of the coding to vary
the slope of the reconstructed signal; such a process is called
continuously variable slope deltamodulation (CVSD) or
adaptive deltamodulation (ADM).

Source/tract coding (vocoders)

The source/tract class of speech coding techniques often is
referred to as narrow band systems, most of which have data
rates of 4800 bits per second or less. Source/tract coding is
accomplished by modeling the speech generation process to
some degree of fidelity. Such modeling is done in two parts:
(1) modeling of the excitation and (2) modeling of the vocal
tract. That is, narrow band coding systems extract the excita-
tion and vocal tract descriptions separately and describe them
efficiently. Systems using these techniques are also called
vocoders. The two most common forms are the channel
vocoder and the linear predictive vocoder. Both vocoder
forms require extraction of the excitation.

Modeling excitation. Excitation of the vocal tract can be
considered (to a first approximation) as either “voiced” or
“unvoiced”. Voiced refers to excitation due to periodic pulses
of air from the glottis (vocal cords). Unvoiced refers to excita-
tion due to turbulent air flow or release of puffs of air by
aperiodic openings and closures of the vocal tract. Thus, the
analysis consists of making an excitation decision; and, if the
excitation is voiced, to measure the distance between the
excitation pulses (pitch period) or the frequency of those
pulses (pitch frequency). The excitation decision generally
can be made on the basis of energy concentration in the spec-
trum. Determining pitch may be done in many ways: (1) the
fundamental (first) harmonic may be followed with a tracking
fiiter; (2) when the fundamental is not present, an auto-
correlation process or an approximation to such a process may

be used; (3) alternatively, some form of observing peaks in the
time domain waveform may also be used. Information about
the excitation can be coded at a relatively low bit rate; in most
vocoders a rate of about 120 bits per second is used for this
purpose.

Modeling the vocal tract. The channel vocoder was an early
(1937) attempt to remove some of the redundant information
from the speech signal; in fact, it was an attempt to model
speech in terms of source and tract. This vocoder obtains the
spectral description of vocal tract shapes using a set of con-
tiguous band-pass filters spanning the speech spectrum. The
output of these filters is rectified, low-pass filtered (because
the vocal tract shape is expected to change slowly), sampled,
and quantized. Thus, the speech signal spectrum is described
in from 10 to 16 channels, sampled 40 or 50 times per second,
and quantized in a few bits per sample. A total data rate of
approximately 2400 bits per second, encoded in fixed format
frames every 20 or 25 msec, usually is sufficient to describe
such a vocoder.

The time behavior of the vocal tract also can be modeled as
a predictor which is formed as a weighted function of a mod-
erate number of past samples of the tract output. This linear
predictor is based on obtaining the best fit between a pre-
dicted signal and the true signal using a least-squares error
criterion. Typically, the predictor is based on analysis of 100
to 200 samples; the predictor can regenerate the analyzed
segment of speech with about 10 to 14 coefficients operating
recursively on an initial set of that many samples. The predic-
tor is calculated by forming autocorrelations of sections of the
speech signal over the period for which near stationarity of the
signal is expected. This is approximately 20 msec for voiced
speech. The set of autocorrelation equations is solved for its
eigenvalues; these become the predictors.

A number of variations of the linear prediction method are
in use. One variation describes the prediction function in
terms of the complex roots of the linear equation; this can be
construed as approximating the vocal tract with an all-pole
model. Another form describes the tract shape as though it
were a lattice filter and the filter coefficients are derived
iteratively by removing correlation effects of each coefficient
successively. This method is known in the literature as the
partial correlation or PARCOR method.

Linear prediction methods are treated exhaustively in the
book by Markel and Gray.* Linear prediction vocoders are
normally encoded in fixed size frames of about 50 bits every
20 or 25 msec. Thus, including excitation, a 2400 bit/sec
vocoder can be achieved. A variation on these methods is the
residual excited linear prediction (RELP) vocoder. With this
method, the excitation signal is taken as the error signal be-
tween the predicted and actual signal. This signal may be
encoded by a waveform coding method in from 2400 to 7200
bits per second with a resulting RELP vocoder rate of from
4800 to 9600 bits per second.

Adaptive predictive coding

Another form of coding called adaptive predictive coding
(APC) is, in effect, a hybrid of waveform coding and LPC
vocoding. In one such system a fourth order spectrum pre-
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dictor is combined with a pitch predictor and the error signal
between these two predicted signals and the true signal is
coded by a waveform coding method. The spectrum predictor
is optimized by adaptation instead of direct computation as in
the LPC vocoder.

Technology

A few years ago, real-time performance of the more com-
plex voice coding algorithms would have required a significant
investment in equipment. In the past three years, significant
advances have been made in programmable signal processing
devices.” Today, any of the algorithms described in this paper
can be carried out in real time using a single signal-processing
chip. For this reason, selection of the speech coding algorithm
essentially has no economic impact on a voice mail system and
the criteria for selection involve only data rate versus quality,
and algorithm differences versus standardization. The latter
point is discussed in the last section of this paper.

VOICE STORAGE

One primary feature of voice mail is important for storage:
access to the information is inherently sequential. Thus, disk
technology is totally appropriate for voice test storage. Given
the assumption of a certain amount of random access memory
for buffering, there are no bars to input and output of voice
information from any rotating media. Further, the cost of disk
technology is reduced by a factor of two about every two
years; thus, capacious storage is quite economical.

Additional economy can be achieved by not recording si-
lence intervals. It is only necessary to delineate the beginnings
and ends of speech segments and their time of occurrence
relative to a baseline (e.g., the beginning of the message). In
this way, it is possible to reproduce the original input speech
with its correct timing including all of the pauses. Voice de-
tector circuits are available; some are available on the same
device as speech encoders and decoders.®

Given digital storage of voice messages, many manipu-
lations are possible. One possible manipulation is the ability
to scan or review messages at speeds faster than real time.
This is readily accomplished by deleting segments of the
speech data of from 20 to 40 msec long, and playing out the
undeleted parts of the speech data at their normal speeds. The
result is an overall reduction in playback time without the
pitch distortion associated with speeded speech. A number of
voice mail systems provide some version of speeded voice
message review.

APPLICATIONS

The net result of having digitized speech signals in a computer
controlled memory is that any desired application can be built
around that speech database. The success or failure of a sys-
tem will take place at the applications stage. Applications
functions must be both useful and convenient. In the simplest

application, the telephone instrument must be a data entry
device as well. In such a case, the speech compression signal
processor can easily decode the dual tone multifrequency
(DTMF) signals generated at telephone keypads. These sig-
nals then can be used for any desired control functions. Three
application areas for voice messaging are discussed briefly in
the following sections.

Telephone

Voice messaging applications range from simple, such as
an answering machine or the voice analog of electronic mail
to complex, such as using data input with tone signals from
the telephone keypad, forwarding calls, and automatic distri-
bution. Voice mail can be used to respond with computer
generated voice messages (either from text-to-speech systems
or concatenations of prerecorded words/phrases in simple
dialogs). In this way there can be interaction between a user
with a telephone and a computer system. Applications of such
interaction range from order entry to college class selection
and scheduling.

In the past, many voice mail systems have relied on using
the conventional analog telephone plant for access to a central
site containing the voice mail control and all of the voice mail
files. Now the trend is to replace much of that plant with a
local digital telephone system; this permits local data net-
works to be integrated with the local telephone network.
Thus, the switchboard becomes both a voice and data re-
source in office automation. In addition, movement to the
Integrated Services Digital Network (ISDN) in the telecom-
munications industry wiil accelerate the decline of the anaiog
telephone network. For digital networks that do not have to
differentiate between voice and data, it will become cost
effective to handle voice mail similar to electronic mail—using
the same sort of store-and-forward capabilities provided by
interconnection of digital data networks.

Text/Data

Conversely, we may think of integrating text and data into
the office telephone system. From either point of view, it is
desirable to have voice mail and electronic (text) mail inte-
grated within the same system. Text systems can facilitate
telephone directory service and dialing, and can display infor-
mation about voice messages that are waiting or have been
previously heard and stored.

Voice messages can be used to annotate text information
and messages. This is useful to both an originator of text
information and a recipient who is commenting on or re-
viewing the information.

Finally, voice messaging can be used to access text messages
or text databases when a data terminal is not available. Text-
to-speech systems can be used to access text messages and
databases. A more complex control structure would be re-
quired for formatted or non-text databases; as an example,
consider the problem of reading a table to a listener and the
extra words required to describe column and other structures.
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Pictorial Information

Just as with text information, voice message annotation
can be helpful in describing pictorial information (i.e., graph-
ics or images) displayed in an office automation system. For
example, annotation can be used to explain and point out
features of the pictorial information.

Although voice messaging usually is thought of as a non-
real-time (delayed time) service, its technology can be used to
support records of real time multi-media remote confer-
encing. This kind of conferencing normally involves pictorial
information displays and voice discussions among participants
located at two or more sites. An example of a potential
application would be using voice messaging technology to
support a record of a remote conference enabling review or
later re-enactment of part or all of the conference.

STANDARDS

The major outstanding issue of concern for voice mail is the
lack of standardization. Many vendors use a proprietary voice
compression method; others use a variety of standard algo-
rithms or standard implementations of algorithms that are
available at the device level. Data rates in use range from
32,000 bits per second down to 2400 bits per second. In addi-
tion, there is no standard way in which voice data and asso-
ciated time information are stored. Consequently, it is not
possible to transfer digital voice message files between differ-
ing systems; voice information must first be converted to
analog form. Bridging disparate mail systems in analog form
leads to another problem. A speech signal that has been en-
coded and decoded with one algorithm will sound fine to a
listener. However, if the speech signal is encoded with a sec-
ond algorithm artifacts of the first algorithm may be left which
can have an adverse effect on the quality of the speech pro-
duced by the second algorithm.

In addition to the coding standardization issue, the usual

standards issues of using electronic mail across organizations
including naming and addressing, directories, and routing in-
formation, also must be addressed. These issues together with
the problems of compatible voice coding, will be taken up at
a future time by a standards organization.* In the meantime,
the voice mail vendors continue to go their separate ways.
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INTRODUCTION

The recent interest in the application of artificial intelligence
(AI) to office problems through the vehicle of automated
office systems is due both to the “pull” of those interested in
office problems and the “push” of the AI community. The
pull from within the body of manufacturers and users of office
systems comes from the lessons learned during the last decade
while observing the rise of management information systems
and their problems. The push from the AI community is due
to a widely held view within that group that many of their
systems have matured to an extent that these can earn, and are
earning, their keep in the commercial sector.

Artificial intelligence, which has been confined largely to
research and development laboratories, is finally moving to
the office. One sees increasing evidence of Al technology that
is being merged with existing products; this marriage of Al
with the traditional product renders the union more powerful
and easier to use. The goal of Al in the early days was to
recreate the working of the human mind in a machine (and
hence the oxymoronic term): this goal has evolved over the
years into a more attainable one, namely, that of making
computer systems easier to use by humans whatever their
training and understanding.

The current efforts of the Al community, as related to
applications in OIS, is to merge AI smoothly into existing
software and systems, making them easier to use. Thus expert
systems, the most prodigious product of the AI research,
are mated with existing systems like the Automatic Teller
Machine to make the latter more expert in allowing a with-
drawal or an advance without the intervention of a human
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banker. Speech recognition and natural language interfaces
allow additional ease in interacting with existing software
systems.

USER INTERFACE

The evolution of user interfaces is based on several converging
forces and components which have been the subject of recent
research.

The first step in this evolution involved relational query
languages with non-procedural aproaches such as SQL' or
example-based systems such as QBE.? The main problems
with this type of language are that the users must be aware of
the database structure such as the relations and their attri-
butes. The users, particularly the untrained end-users, have
difficulties in building the request using the database manipu-
lation language. Furthermore, they generally have imprecise
ideas about what they are searching for.

A natural language interface allows the user of a database
to input a query in a natural language such as English or
French rather than in the formal query language; the goal
being to permit the user to express his/her information needs
in his/her own language, and in conceptual terms particular to
his/her understanding of the database application domain.
The user is also freed from knowing about database manage-
ment systems, data models, or database schemes. Allowing
the user to access a database using natural language shifts onto
the computer system the burden of mediating between the two
views of data: the way in which the data is stored and the way
in which an end-user thinks about it. A DBMS, particularly a
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relational one, accomplishes part of this task. What the user
interface must do is reconcile the user’s view with the DBMS’s
view.

In order to achieve this data independence, the interface
must incorporate a considerable amount of knowledge. This
includes knowledge about natural languages, the domain
database application, and DBMS’s and their query languages.

THE USER PROFILE

All the above approaches are means to facilitate the accessing
of data, however, they do not identify the user. There is
presently an increasing need for improving the user interface,
but the effort should be directed toward considering the type
of user for which the system is intended.

The present systems do not distinguish between users, who,
in fact, are different according to their knowledge and experi-
ence in the use of the system, their interests in the database,
the kind and the form of the reponse that they require from
the database. These aspects should be considered in order to
fit the users’ needs. The introduction of artificial intelligence
components able to recognize a wide variety of users, should
greatly enhance the interaction in database systems. The
benefits are characterized by an individualized dialogue, per-
sonally tailored help, simplification of the interactive process,
and responses which are given according to the views and
interests of the user.

To achieve these objectives, the user profile should consti-
tute an important part of an intelligent interface. A user pro-
file can be composed of various types of information such as:
(1) information on customs, level of experience and qualifica-
tions of the user in his/her environment, (2) familiarity of the
user with the system, (3) information objectives and interests
of the user in the database, and (4) a recording of the trans-
actions (history).

The important fact is that this knowledge must be dynamic.
It is updated after each transaction in order ot obtain a precise
image of the user, who will then be identified automatically.
With a classical system, the user is more or less able to query
a database and extract pertinent data from the flow of the
elements produced as output. An intelligent interface should
be able to recognize the user and dynamically adapt the
dialogue. The desired results should then be deduced by the
interface.

Applications of the user profile are numerous. The most
important concern information retrieval systems and intel-
ligent tutoring systems. In this last domain, other aspects such
as the psychological reactions and performance factor of the
user must be included in the profile.

KNOWLEDGE REPRESENTATION

Artificial Intelligence can be of vaiue in the development of
the “office of the future” in at least two ways. First, by adding
to the functionality of office information systems with natural
language front-ends, problem solving and planning submod-
ules, expert system front-ends that add some subjective
“judgment” to the system’s capabilities. Fikes,’ Barber,* and
Woo,’ provide good examples of this type of application of

Al Second, and perhaps more important, Al can be used to
facilitate the development of office information systems. One
way to do this is to build “automatic programming’ environ-
ments. Another way is to adopt knowledge representation
ideas in the development of new classes of languages for re-
quirements analysis and design. It is this last area of Al influ-
ence on Office Automation that will be the focus of the rest
of the section.

To construct a requirements or design specification for an
office information system demands the representation and
integration of disparate knowledge into a coherent knowledge
base. Thus, a requirements specification for an office informa-
tion system needs to capture the knowledge that exists within
the office, and which prescribes the patterns of behavior of the
system to be built and its environment. For instance, to build
a student information system one needs to describe students,
their associated attributes—such as address, field of study,
courses and supervisor—the activities they participate in
(such as registering in courses) if certain rules are satisfied
(such as pre-requisites for the courses have been completed
successfully)—and the like. One needs also to describe the
activities to be carried out by the intended system, the infor-
mation it will handle, and how that information is obtained
from the environment. In addition, for an office information
system to be useful, there must exist a framework for the
interpretation of its contents with respect to the intended
application. Such interpretation is only possible if the system
and/or its users ‘“know’ how accurate, complete, and precise
the information handled by the system is. For the student
registration system, for example, it must be known how often
student records are updated in order to determine how the
contents of the system ‘“‘match” reality for a query such as
“Who is taking course csc324?”. If updating of the system is
instantaneous, its contents fully reflect the current state of the
environment. If, on the other hand, it is updated once a week,
one can only answer the above question with something like
“As of date X, the following students:...”.

It follows from these observations that knowledge bases
built during the early phases of office information system
construction will need to have a number of features. First,
they must provide an account of the structure, static, and
dynamic, of the environment within which the system must
function. Second, they must provide an account of how the
contents of the system to be built relate to the environment.
Additionally, one can expect that such knowledge bases will,
in general, be large, involving thousands of concepts, which
must be described and organized in a way that renders the
knowledge base comprehensible. Moreover, the knowledge
bases will be dynamic in the sense that the rules and pro-
cedures that determine the behavior of the environment will
change frequently.

What kind of a knowledge representation framework can
accommodate these requirements? First, the framework must
provide support for the representation of time to facilitate the
modeling of the dynamics of the intended system and its en-
vironment. Second, the framework must draw a distinction
between the contents of the information system and the state
of the environment, so that one can make statements about
the accuracy and completeness of the information handled by
the intended office information system. Third, the framework
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must offer structuring mechanisms since, as was said before,
this is a knowledge engineering in-the-large activity. The re-
quirements modeling language RML,° and its successor CML
exemplify the kinds of linguistic tools one can develop taking
these considerations into account. Both languages treat a re-
quirements specification as a history of the world being
modeled. CML, however, goes further in treating a require-
ments specification as a history of our knowledge of the world.
This feature makes CML powerful enough to talk about the
completeness, accuracy, and precision of the information
handled by the intended system.

Applying knowledge representation techniques to the de-
velopment of design specification languages is slightly more
problematic. One might argue (and many have!) that design
specifications should be independent of the environment
within which the system under development will eventually
function, and should simply provide an account of the sys-
tem’s behavior. Consider, however, a system which maintains
information about, say, students at a University. A formal
specification of such a system which merely describes its be-
havior but doesn’t try to provide an account of what the infor-
mation handled by the system means in the first place (i.e.,
how it relates to reality), seems incomplete. It tells us how
symbols will eventually be pushed around inside a machine. It
doesn’t give us any guidelines on how to interpret these sym-
bols. This observation suggests that, at least for information
systems, a design specification should come with an account of
how mechanism behavior corresponds to the world being
modeled. For design specifications of this sort we need linguis-
tic tools that on the one hand, allow for the description of
system components, their state, and I/O behavior; and on the
other, come with a rich semantic theory that allows one to
relate system states and functions to the world being modeled.
The so-called semantic data models (attempt to) do just that.
(See Brodie® and Borgida.®) An example of a semantic office
model is described in Gibbs.™

We have discussed how and why knowledge representation
techniques can influence the features of requirements and
design languages for office information systems. Implicit in
our arguments is the assumption that building such systems
requires several linguistic levels: some for requirements mod-
eling, others for design, and still others for implementation.
What implications does such an influence have for the envi-
ronments offered for building such systems? To start with,
each linguistic level used needs an environment. Those for the
more procedural levels can offer typical facilities such as
special purposes editors, interpreters, tracing and debugging
packages, version control, and the like. The environments for
the less procedural levels need reasoning facilities so that a
user can probe a knowledge base to see if it is consistent with
his/her expectations. A second type of facility needed for such
an environment is intended to make it possible to generate
lower level (and more procedural) specifications from higher
level (and more declarative) ones. Depending on the nature of
the two levels, it may be possible to have a compiler that
handles this job. Alternatively, the environment may provide
facilities for the interactive generation of the lower level
specification from the higher level one. These facilities could
include expert system features so that the environment plays
the role of an active assistant rather than a passive bookkeeper

in the generation of a specification. A third desirable facility
involves the maintenance and management of multiple
specifications for a particular software system corresponding
to the different linguistic levels supported by the environ-
ment. Such a facility would allow a user to maintain a require-
ments specification, a design specification, and an imple-
mentation specification of his/her software, along with infor-
mation on how parts of one specification relate to parts of
others. With such a setup, it is possible to determine how
changes of the specification at one level affect the specifica-
tions at other levels. The research project outlined in Jarke,
Mylopoulos, Schmidt, and Vassiliou' focuses on an environ-
ment intended to provide all three facilities mentioned above.
It is fair to add that there are scores of research issues to be
addressed in realizing an environment of the type advocated
here and that a research program addressing such issues can
only be described as long term.

OTHER OIS AIDS

Meetings constitute an important part of the communication
and coordination work of organizations. They are used to dis-
seminate information, explore ideas, resolve disagreements,
and enhance teamwork to achieve organizational goals. The
large amount of manager time consumed by meetings has
been documented and reported in the literature.

The task of organizing and executing an effective meeting
can, however, be both time consuming and difficult. After this
time consuming preparation, there are no guarantees that the
meeting will proceed smoothly, and evaluation of the “good-
ness” of a meeting is quite elusive. Unsuccessful or wasteful
meetings are experienced frequently, but the exact causes of
these failures are largely undocumented and not well under-
stood. One of the reasons for this lack of understanding is that
the results and effects of a meeting can be quite diverse,
ranging from meeting minutes and action items to feelings of
wasted time and latent disdain for certain people and tasks:
these can be very difficult to capture and quantify. Another
reason is related to the sometimes surprising and unpredict-
able nature of participant behavior. A further reason is the
lack of formal models of meetings, and lack of a “theory of
meetings” within which researchers can work and relevant
results can be interpreted. The thrust of Project Nick at MCC
is to perform interdisciplinary research into the analysis of
content, structure, and protocols of meetings. Our group has
been performing research in the areas of meeting analysis and
meeting augmentation. In this ongoing effort, we are theoriz-
ing on a large set of ideas; assembling and implementing a
subset of these ideas; and performing experiments to validate
those ideas which appear most promising and applicable. We
believe that new technology may present the opportunity for
new and better meeting styles and organizations.

The meetings research is based on a two pronged approach
with both aspects proceeding in parallel and complementing
each other. The two prongs are building theories and building
systems.

Building Theories—This aspect of our work began with a
careful definition of our basic notions (meeting, exploration,
design) and proceeds by creating intuitions, wild ideas, asser-
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tions, and hypotheses. The hypotheses, in turn, suggest cer-
tain systems which we can build to confirm these hypotheses.
This work has tried to pinpoint aspects of meetings which
frequently go wrong, and to develop measures of goodness of
meetings; all of this interdisciplinary work is clearly depen-
dent upon factors such as the type and intent of the meeting.

Building Systems—This includes the construction, test, and
usage of electronic meeting aids. Our meeting aid equipment
includes an electronic blackboard and interconnected per-
sonal computers for all meeting participants.

In the future, we envision analyses of information derived
during the meeting, and used to enhance the meeting in real
time.

HARDWARE FOR OIS USING Al

Current work in office information systems has demonstrated
the applicability of various techniques of artificial intelligence
to the office environment. The main hardware components of
an office information system must be developed specifically to
support artificial intelligence programming in order to achieve
maximum utilization. This is particularly true for a work-
station, the site of interaction with a user which demands the
highest degree of intelligence. Three characteristics of the
workstation can be identified; emphasis on Al techniques,
application to the office environment, and inclusion of multi-
media and natural language processing (NLP) capabilities.
Workstations for future office information systems must
combine these features if they are to achieve any degree of
success.

In addition to the fairly standard hardware, the workstation
requires a number of less common components that are re-
quired to fulfill the software objectives of the projects.”
These components include:

1. A telephone interface.

2. Audio hardware. Specialized devices are to be used for
the recognition and generation of human speech and
possibly for sampling and compressing audio signals.
This hardware is necessary for the multimedia user inter-
face.

3. A data filtering device. To perform pattern-oriented re-
trieval from the disk at high speed, a special processor
known as the Schuss filter'® will be integrated with the
workstation hardware. The use of a hardware filter on
the intelligent workstation is one of the most novel as-
pects of the system.

The main requirements for the operating system used by
the intelligent workstation are support for: (1) distributed
processing, (2) Real-time processing, and (3) Knowledge-
based applications.

Since office applications are inherently distributed, the
operating system must provide facilities for networking and
interprocess communication. The data handled in the office
include audio and image data in addition to the traditional
numeric and character data types. To perform such functions
as acquisition and storage of audio data, the operating system
must have real-time processing capabilities. Finally, knowl-
edge-based applications can benefit from operating system
support. For example, many intelligent applications for the

office will make use of large, shared knowledge bases in which
case adding and retrieving knowledge becomes crucial. It is
expected that the Schuss filter can be used to improve the
efficiency of knowledge retrieval.

CONCLUSION

We have examined the various areas of application of Al
technology in office information systems and the office of the
future. The use of more convenient user interfaces in the form
of natural languages and the convenience of individualized
interface require, the maintenance of a wide variety of knowl-
edge by the interface system. In addition, the system must be
able to interpret the contents of the information system. Such
interpretation requires that the system know the dynamic en-
vironment within which the system operates, as well as the
accuracy of the information contained in the system.

Support for other office functions like meetings, which con-
stitute an important part of the communication and coordi-
nation work of an organization, is also essential. The use of
modern technology, including Al, to improve meetings is thus
vital.

The need of an intelligent workstation which supports Al
programming is obvious. Such a workstation must have the
capability to support AI programming, multimedia and
natural language processing.
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A portable natural language interface*
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ABSTRACT

A natural language interface allows database system users to input a query in a
natural language such as English or French rather than in a formal query language.
Such interfaces could also provide for natural language updates, but this paper deals
only with queries.

The goal of a natural language interface is to permit users to express their infor-
mation needs in their own language and in conceptual terms particular to their under-
standing of the database application domain. Users also are freed from knowing
about database management systems (DBMS), data models and database schemas.

Allowing a user to access a database using natural language shifts onto the
computer system (the interface and the DBMS) the burden of mediating between
two views of data: the way in which the data is stored (the database view) and the
way in which an end user thinks about it (the user’s view). A DBMS, particularly
a relational one, accomplishes part of this task. The interface must reconcile the
user’s view with the DBMS’ view.

To achieve such data independence, the interface must incorporate a consid-
erable amount of knowledge including knowledge about natural language, the
domain database application, and DBMSs and their query languages.

*This work was supported in part by a contract from the Canadian Workplace Automation Research Center of the
Department of Communication, Government of Canada.
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INTRODUCTION

A natural language interface is portable if it can be transferred
with minimum effort from the database for which it was de-
signed to a new database. The degree of portability is re-
flected in the amount of effort required to transfer the inter-
face. If an interface is handtailored to a particular database,
major reprogramming is required to convert it to a new data-
base. In the extreme case, the effort will be equal to the task
of programming the interface to the original database. On the
other hand, an interface that requires no effort to transfer is
beyond the capabilities of current research. Such an interface
would have to learn by itself the characteristics of a new
database and adapt its linguistic and computational abilities
accordingly.

The general design structure for an interface that allows a
moderate degree of portability is presented in the next sec-
tion of this paper. The goal of the design structure is to min-
imize the amount of reprogramming necessary for three types
of database transfer: (1) change of DBMS, (2) change of
application domain, and (3) conceptual reorganization of the
database.

The Kkey to achieving some degree of portability is modu-
larity. Early natural language systems' were handtailored for
particular applications. In their data structures and pro-
cedures, they intermixed knowledge about language with

knowledge about the domain application. They also conflated
user request with how to obtain the information requested.
The early systems were inherently not portable because they
were not modular.

Natural language interfaces can be modularized in three
dimensions. The first dimension keeps distinct the three main
types .of knowledge required; that is, knowledge about lan-
guage, the application domain, and databases. The second
separates procedural knowledge from declarative knowledge.
The ability to parse an English sentence is inherently pro-
cedural whereas the vocabulary a parser accepts is naturally
declarative. A parser and its lexicon should therefore be kept
separate. The third dimension distinguishes between general
knowledge and domain-specific knowledge. This dimension is
crucial for portability. As much of the interface as possible
should be designed using only general knowledge. A transfer
to a different DBMS or application thus would not require
changing modules that incorporate general knowledge only.

GENERAL DESIGN STRUCTURE

Figure 1 graphically illustrates a possible design of a portable
natural language interface. The design includes three pro-
cedural modules and three declarative modules. The proce-
dural modules are the parser, the semantic analyzer, and the
query generator. The declarative modules are the lexicon, the

database
Natural Parser Parse }g\ﬁ?im; (1: f‘ Semantic . Quir)tf Formal DBMS
Language Tree Y Representa-~ | —cnerator Query
Query | B T tion. .
] N ~ I |
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Lexicon Semantic Database
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Figure 1—A general design structure for a portable natural language interface to a DBMS
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semantic model, and the DB mapping. The DBMS and data-
base also are shown in Figure 1, but they are not part of the
interface.

A natural language query is input to the interface and the
interface’s final output is a formal DBMS query. The pro-
cedural modules, each using knowledge in the declarative
modules, successively transform the natural language query.
Using the lexicon and the semantic model, the parser outputs
a parse tree representation of the query. Using the semantic
model, the semantic analyzer transforms the parse tree into a
semantic representation of the query. Finally, using informa-
tion in the DB mapping, the query generator in turn trans-
forms this semantic representation into a formal DBMS
query.

The procedural modules are written as generally as possi-
ble, incorporating domain-independent knowledge only. The
domain-specific knowledge is isolated in the declarative mod-
ules. The lexicon contains the words users may use in their
queries. The semantic model is a formal representation of the
application domain. It should not be confused with the DBMS
conceptual schema; rather, it corresponds to a DBMS enter-
prise schema. The DB mapping contains the mapping be-
tween the concepts of the semantic model and the correspond-
ing structures of the database.

Following is a description of the portability achieved by the
design. If the application domain is changed, only the lexicon,
the semantic model, and the DB mapping have to be modi-
fied. If the DBMS is changed, only the query generator is
modified. If the database is reorganized without semantic
change, only the DB mapping is changed. The parser and the
semantic analyzer are perfectly portable; immune to any do-
main, DBMS, or database transfer.

THE IMPORTANCE OF THE SEMANTIC MODEL

Language can be described as the encoding of thought for the
purpose of communication. Communication is between a
sender and a receiver. The sender formulates a thought, en-
codes it into language, and sends it to the receiver. The
receiver receives the sender’s language and decodes it, at-
tempting to recreate the sender’s original thought. An act of
communication is deemed more or less successful according to
how perfectly the original and recreated thoughts match. A
match is possible only if a model of mutual comprehension
exists. Culture provides such a model for normal human com-
munication.

The basic process of communication occurs analogously in
a natural language database system. A user formulates his or
her information need according to his or her understanding of
the application domain. Then the user encodes this need into
language and sends it to the interface. The interface (i.e., the
parser and semantic analyzer modules) decodes the language
and recreates the user’s original information need. A model of
mutual comprehension is necessary, and is provided by the
semantic model which is the interface’s representation of the
application domain and, to complete the analogy, the com-
mon culture of the user and the interface.

The semantic model is therefore crucial to the interface.
Each natural language question is translated, or decoded, into

a query on and in the terms of the semantic model. Its exact
form depends upon the formalism of the semantic model.
There is no general consensus about which formalism should
be used in implementing the semantic model. Examples in-
clude object-based data models® and artificial intelligence
knowledge representation schemes.** The other declarative
knowledge in the system is defined with reference to the se-
mantic model. Each word in the lexicon is associated with a
particular concept in the semantic model. The DB mapping
relates the concepts of the semantic model to the database

. structures.

Is the semantic model necessary? In other words: Could
there be a mapping directly between the words of the lexicon
and the database structures? The argument against this direct
mapping is that a database schema does not adequately repre-
sent the domain semantics and fails to provide a model of
mutual comprehension. Without a separate semantic model,
the burden of handling the domain-specific semantics de-
volves onto the semantic analysis procedure. This procedure,
as outlined in the previous section, is meant to be domain
independent and portable. Eschewing a semantic model
therefore results in a handtailored non-portable interface.

THE PROBLEM OF AMBIGUITY

A natural language interface has to cope with the inherent
ambiguity of natural language. Ambiguity serves a useful pur-
pose in human communication by reducing the verbiage nec-
essary to express an idea. The ambiguity is resolved by context
or by interaction.’

There are two main types of ambiguity: syntactic and se-
mantic. Syntactic ambiguities arise when there are multiple
valid parses of the same query. For example, “Which course
has the largest enrollment of students in computer science?”’
may be parsed with “in computer science” modifying either
the course or the students, with different interpretations re-
sulting. Semantic ambiguities occur when the parsed constitu-
ents have several possible meanings. For example, “Where is
the Netherlands?” may request the position of a ship or a
country, though syntactically it is unambiguous.’

Many ambiguities can be resolved with recourse to the se-
mantic model. However, complete automatic resolution of all
ambiguities is not possible. The system must echo back para-
phrases of the possible meanings of the query and thereby
allow a user to choose the intended interpretation.

PARSING

To parse a query, it is necessary to use a grammar that de-
scribes the structure of strings accepted by the interface.
Given such a grammar, the parser assigns a structure, or parse
tree, to each grammatical query it processes. The grammar,
which should allow a user wide linguistic variation, is incorpo-
rated within the parser module. The domain-specific know!-
edge the parser requires is in the lexicon or dictionary.

The lexicon contains all the words accepted by the parser.
Associated with each word is its syntactic category and its
association to the semantic model. The entry for red would
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include adjective as its syntactic category and instance-of-color
as its conceptual association. The entry for part would indicate
that it is a noun and that it is associated with the entity type
“part” assuming an entity-based semantic model. The entry
for who would indicate that it is an interrogative personal
pronoun and indicate the set of entity types that it might refer
to. The entry for supply would have verb as its syntactic cate-
gory and the relationship or aggregation “supply” as its asso-
ciated concept.

Assuming such a lexicon and the simplified grammar of
Figure 2, a parse of: “Who supplies red parts?”” would pro-
duce the tree of Figure 3.

In addition to the parse tree in Figure 3, the parse would
pass to the semantic analyzer: (1) pointers to the appropriate
concepts, (2) the morphological information that the input
string contains the third person singular form of supply and
the plural form of part, and (3) the further syntactic informa-
tion that who is the subject and part is the object of supply.
The semantic analyzer would access the semantic model and
disambiguate who by checking which entities can serve in the
role of subject to the concept “supply.” The morphological
information of third person singular indicates that who refers
to the specific entities. If entity types were desired, the phrase
would have been: “Who supplies red parts?”

This description represents one extreme of the use of se-
mantics in parsing: a completely syntactic parse followed by
semantic analysis.” However, pure syntactic parsing can cause
problems. Natural language viewed syntactically has many
ambiguities. The major type of syntactic ambiguity arises
from the fact that modifying phrases and clauses can be phys-
ically separated from the constituents they modify. For exam-
ple, the question “Who drove down the street in the car?” has
a syntactically valid reading of: “the street is in the car.”
A simple semantic intervention would rule out this possible
parsing. Indeed, when the length of the query and the num-
ber of modifiers increases the number of parses grows
exponentially.*

The other extreme of the use of semantics in parsing is a
semantic grammar” in which semantic and syntactic categories
are intermixed in the constituent structures the grammar uses
to describe the language. The problem with this approach is
that it introduces domain-specific semantics within the parser
and makes the interface less portable. It also makes it much
more difficult to provide wide linguistic coverage. In a syn-
tactic parser, the passive form of all verbs can be allowed with
the introduction of one general transformation rule. In a se-
mantic grammar, on the other hand, the passive transforma-
tion would have to be added for every verb.

There seems to be a general consensus®*%” that the best
approach is a syntactically based parser with general semantic
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Figure 2—A simplifed grammar
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Figure 3—A parse tree representation

checks or routines. The syntactic base permits portability and
wide linguistic coverage. With semantic intervention many
ambiguities can be resolved early in the parsing process. Syn-
tactic and semantic disambiguation proceed together. Modi-
fier placement is determined by seeing which concepts are
linked in the semantic model. Semantic or lexical ambiguity
caused by words having multiple meanings is resolved by
maintaining a set of candidate meanings for each word during
parsing and restricting the set as the syntactic structure pro-
vides a context. Often not all ambiguities will be resolved and
the interface should present the multiple interpretations to the
user as described in the previous section.

Semantic checking may also reveal meaningless queries. It
may not be possible to associate a modifying phrase with any
head noun phrase. For example, “Who supplies red pro-
jects?” is a meaningless query if projects do not have the
attribute color. Similarly, the restriction of candidate mean-
ings for words can lead to recognizing a meaningless query
when the set of candidate meanings becomes null. This would
occur in the following question: “Which projects supply red
parts?” The word projects originally has one candidate mean-
ing. However, the verb supply does not allow that candidate
meaning as its subject, thereby rendering the query meaning-
less.

Adding semantics to the parsing process allows the output
of the parse to be more than just a syntactic parse tree. An
incipient semantic representation can be created. It would be
based on the association of concepts implied by modifying
phrases and clauses and by verb-noun phrase relationships.

THE LEXICON

Kaplan® defines three types of lexical entries: general, struc-
tural, and volatile. General entries are those that apply in
practically any domain. These include closed classes of words
such as auxiliary verbs, prepositions, and conjunctions. Gen-
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eral entries constitute a permanent part of the interface.
Structural entries are those that make reference to aspects of
the semantic model and must be changed for each new
application. These are the nouns, verbs, adjectives and their
many synonyms that typically are used in a particular domain.
The impossibility of predicting during system design all the
various synonyms that may be used argues for an interactive
synonym generator that enables the user himself to extend the
vocabulary accepted by the interface. Volatile entries are
those which refer to specific values in the database. They also
are the most problematic. Keeping each value in the lexicon
is too expensive because doing so essentially entails a duplica-
tion of the database. Searching the database is not a feasible
solution because the interface may not know where the un-
known lexical item is located in the database and because
possible but not actual values can be used. One proposed
solution® is to represent values from limited domains or those
used frequently and to disallow the user of other values in
queries. However, a better solution is for the interface to ask
a user for clarification when it is confronted with unknown
lexical items.

SEMANTIC ANALYSIS

The semantic model encodes the user’s view of the domain. In
its simplest form, a semantic model must represent a user’s
knowledge of the objects in the domain, the properties of
those objects, and the relationships among them. Various
representation formalisms such as semantic data models,” se-
mantic networks,? and case grammar frames’ are used. The
common point among them is that they are richer semantically
than database schemas and are able to provide a data indepen-
dence that DB schemas alone cannot provide.

The semantic analysis must recognize the propositional
content in a user’s query. The basic proposition in a query is
determined by the main verb and the noun phrases to which
it relates. This verb-noun phrase relationship is similar to the
way a predicate relates its arguments and the way aggregation
relates entities and attributes. The main verb of a query can
thus be seen as defining its main predicate. Additional propo-
sitions or predicates are defined by modifying phrases and
clauses. These predicates are, in effect, nested within the
main predicate. Adjectival and prepositional phrases have
very simple predicate realizations. For example, green be-
comes color (x,green) and in London becomes in(x, London).
Clausal modifiers add another level to the nesting because the
verbs within the clauses also represent predicates. Therefore,
the semantic analyzer must unnest all the predicates and re-
late the resulting separated predicates through common vari-
ables.

This propositional content of the query must be trans-
formed into a conceptual calculus form analogous to re-
lational calculus. That is, the propositional content must be
transformed into a declarative description of the information

desired in terms of the users’ concepts rather than the re-
lations of a relational database.

QUERY GENERATION

The task of the query generator is to take a conceptual calcu-
lus query and transform it into a query of the underlying
DBMS. First it must map the concepts of the semantic model
into the underlying database structures and then translate the
query. If the back-end DBMS is relational, mapping and
translating may be relatively straightforward. However, if the
DBMS is a hierarchical or network system, the task is compli-
cated by an extra burden of having to physically navigate
through the files and records of the database.

CONCLUSIONS

The basic framework for a portable natural interface to a
DBMS is presented in this paper. The purpose of the interface
is to make a database more user-friendly. To achieve por-
tability, modularity and separation of general and domain-
specific knowledge are necessary. The procedural modules
are the parser, the semantic analyzer, and the query gener-
ator. The declarative modules, in which all the domain-
specific knowledge is isolated, are the lexicon, the semantic
model, and DB mapping. The semantic model, more seman-
tically expressive than a DB schema, is necessary to provide
portability and data independence.
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A method for increasing software productivity called
object-oriented design—with applications for Al

by DAVID C. RINE

George Mason University
Fairfax, Virginia

ABSTRACT

Object-oriented design language research has suggested some basic concepts that
object-oriented programming and languages should support. These are: (1) infor-
mation hiding, (2) data abstraction, (3) dynamic binding, and (4) inheritance.
Object-oriented languages are receiving extensive use in artificial intelligence. Al-
though the Ada language possesses the information hiding and data abstraction
concepts, it does not possess the dynamic binding and inheritance concepts. These
and other limiting factors in developing Al software using object-oriented methods
are discussed in this paper. Object-oriented design is becoming an important
method for establishing database and knowledge base systems software as produc-
tivity issues rely more on tools for reconfiguring existing software and rapidly
prototyping software under development. We present some features of object-
oriented design pertaining to the development of such databases and knowledge
bases including data modeling, data sublanguages, and distribution techniques.
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INTRODUCTION: OBJECT-ORIENTED
DESIGN LANGUAGES

Software development studies generally have confirmed that
software development costs increase and software productiv-
ity decreases in more than a linear relationship as the size of
the entire project increases." Software productivity also seems
to depend upon such things as:

a. The amount of code.

b. The number of concepts that must be understood to
make one programmer’s subsystem interact properly
with another’s.

Software metrics have been developed in an attempt to
measure software productivity that includes (a) and (b). Fur-
ther, (b) is influenced by such concepts as:

c. Information hiding.
d. Data abstraction.

It has been observed that, consequently, one can reduce the
amount of code written in some projects by acquiring most of
the code parts from libraries containing pre-packaged code.

Therefore, in this paper we do not think of databases or
knowledge bases in the usual logical record-oriented fashion.
We think of data banks of machine components—potentially
live data banks that can be thought of as organized nests or
hives of clones. These machine component banks, which we
identify with logical entities termed objects, can be thought of
as being managed in ways that are both similar and different
from the ways logical records are managed. Ideally, the ob-
jects themselves should be able to adapt, similar to self-
adaptive automata, depending on the context in which they
are placed. Adaptation makes such banks ideally suited for
rapid prototyping and simulating of artificial intelligence (AI)
software systems. With a little effort, one can see that a lan-
guage supporting the definition and manipulation of such
banks, or bases, goes far beyond the generic language proper-
ties of Ada and into languages that possess powerful dynamic
binding, inheritance, and adaptive properties. '

Pascoe® has suggested some basic concepts of object-
oriented programming and languages. These are: (1) informa-
tion hiding, (2) data abstraction, (3) dynamic binding, and (4)
inheritance. OOLs are used a great deal in Al. Although the
Ada language possesses concepts (1) and (2), it does not
possess (3) and (4). Therefore, it may be asked to what extent
do these concepts limit development of Al software?

In Artificial Intelligence,™® Winston suggests three ap-
proaches to answering the question: “Where is knowledge
about procedures stored?”” and later suggests that any of the

three can be used in controlling a robot. Let us repeat these
three approaches:

A system exhibits action-centered control when the sys-
tem’s procedures know what subproceedures to use to
perform actions.

» A system exhibits object-centered control when the sys-
tem’s class descriptions specify how to deal with objects
in their own class.

* A system exhibits request-centered control when the sys-
tem’s procedures know their own purpose so that they
may respond to requests.

In this paper, we address the second Al approach, object-
centered control.

NEEDS: OBJECT-ORIENTED
DESIGN METHODS IN Al

Rapid prototyping, simulating, and reconfigurating of systems
are important to the development of Al software. In the past,
managers of large organizations were only infrequently able
to get answers to “what-if” questions. The reasons for this
included:

« Rapid prototyping of such systems was non-productive.

¢ Simulatings of such organizations were too costly to de-
velop.

» Reconfigurating existing systems was not well-supported.

Also, management would attempt to take advantage of the
experience of a systems analyst who had worked on similar
cases to gain answers to “what-if”” questions. More recently,
however, we have begun to see the emergence of Al tech-
niques’ to model large organizations. Such techniques are
used to automatically generate the necessary scenarios for a
particular business environment through rapid prototyping
that supports rapid reconfigurability of potential systems.

Object-oriented programming is both a packaging technol-
ogy and a software engineering method that addresses these
software productivity issues. The kind of packaging ap-
proaches used will influence:

e. Software reconfigurability.
f. Ability to prototype rapidly.
g. The types of applications that may be developed.

Issues of object-oriented languages (OOL) began with the
Small-talk-80 system (trademark of Xerox Corporation).” The
Smalltalk language offers a uniform and powerful metaphor
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whereby procedures and data that belong together are pack-
aged in an object. An object is a package of data and proce-
dures that belong together, and Smalltalk procedures are
called methods. An object can be thought of in many ways; for
example, it can be casually thought of as a considerably ex-
panded version of the Pascal record. Smalltalk does computa-
tion by sending messages to objects.

METHODS: DESIGN AND LANGUAGE

Abstract reasoning has played an important role in designing
modern software. On the one hand, the role of structured
systems analysis has made such tools as data flow diagrams
and structure/HIPO charts common in the top-down approach
to procedure-oriented design. On the other hand, a bottom-
up approach has been introduced by using existing packages
and object-oriented designs. Shooman' has suggested that
certain applications are better developed through the top-
down approaches, while other applications are more suited to
bottom-up approaches. One factor, of course, is the amount
of interaction anticipated between individual processes or
modules. It has been suggested, for example, that the top-
down approach is appropriate when there is a great deal of
anticipated process/module interaction, and the bottom-up
approach is more suitable when there is little, if any, inter-
action.

Booch® has suggested an object-oriented design (OOD)
method that includes: (1) defining the software engineering
problem, (2) developing an informal strategy, (3) formalizing
the strategy, and (4) implementing the solution. Formalizing
the strategy includes: (a) identifying objects of interest by
choosing them as nouns, pronouns, and noun clauses from the
problem’s text and (b) identifying operations of interest by
choosing them as verbs, verb phrases, and predicates from the
problem’s text. Moreover, it is pointed out that some objects
identify classes of objects. Further, operations are identified
to manipulate or act upon certain objects. It also is pointed
out that only proper nouns and nouns of direct reference will
represent objects at the code level, while other objects iden-
tify classes of objects. The method, therefore, implies an in-
heritance concept through the introduction of such classes.

It has been suggested that Ada is an OOL,” but by our
accepted definition, using concepts (1) through (4) described
in the Introduction section, this is not the case. On the other
hand, the OOD notation introduced in Booch’s method,
along with Ada, does imply the concepts of information hid-
ing, data abstraction, and inheritance.

In summary, we are faced with a problem of mapping or
transforming an OOD notation that has three of the proper-
ties of an OOL into a language, namely Ada, that has only two
of the properties of an OOL. This problem may be severe
because there is a possibility of losing infermation in the trans-
formation.

The problem of losing information is similar to that faced by
database designers when mapping entity-relationship (E-R)
model diagrams, which clearly distinguish entities from attri-
butes, into a relational model which may not. Lossless trans-
formations are those for which it is guaranteed that informa-

tion will not be lost. Identifying lossless transformations be-
tween design notations (language syntax) is a fundamental
problem in systems analysis. Automating these trans-
formations is somewhat like developing a language parser or
reverse parser that will transform language “programs” into a
lossless equivalent representation in object form (for exam-
ple, where the object form is a relation, relation of relations,
tree, or tree of trees).

Recent general research about Al software design using
graphics support based upon hierarchies of data flow diagrams
and knowledge base support using dictionaries of data defini-
tions can be found in Harandi and Lubars."

DATABASE SUPPORT: SCHEMAS

Al software engineers develop material in high level “chunks”
which may be thought of as software design schemas. Often
such schemas are developed in an arbitrary manner and so the
software designer must recall many rather detailed design
“objects.” This further suggests a need for organized libraries
of reusable code in software development tasks. In our frame-
work, the high-level chunks are like database schemas. Design
success may depend on the availability of schemas that log-
ically locate desired library components and allow the soft-
ware engineer to fit the components into the partially com-
pleted design.

Thus a library of these stored design schemas, which can be
thought of as objects, and a system for schema manipulation
are needed. These schemas, or objects, would be combined
into an integrated knowledge base for use by a software en-
gineer or program development expert system.

At the lowest logical level of detail in these schemas, one
may casually think of certain objects as being like database
records, each record being comprised of procedures, func-
tions (modules), and data items; a notion similar to the most
general kind of Ada record. These database records may also
be thought of in terms of E-R relationships or relations in a
relational model, but such that the entities can be like proce-
dures and functions (modules) as well as data items. On the
other hand, higher level objects evolve by use of superclasses
from lower level classes, permitting the inheritance character-
istics of object-oriented design.

Such schemas can be generated using object-oriented dic-
tionaries as tools in the requirements gathering stage.

Moreover, messages and methods afford a means for gen-
eralizing the notion of data manipulation languages used in
standard database management systems (DBMS).

Objects and messages in this context may be termed object
sublanguages (borrowing from the notion of data sublanguage
of DBMSs). An object base may also be managed in a distrib-
uted fashion. Tools for designing such systems essentially are
the same as the partitioning algorithms used in sefting up
distributed databases.

Recent research has been carried out in this regard at a
somewhat lower level of design abstraction that includes pro-
gram structure as well as objects. In particular, Young' has
used the idea of a design template as an abstract and generic
problem solution, which is applicable to a large number of
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such situations as we have mentioned here. Templates include
a generic procedural structure as well as an abstract defining
ability of data objects. Other results on relationships between
object-oriented design and database systems also have been
published.”

AI: OBJECT-ORIENTED DESIGN

An early foundational work by P.J. Landin® describes how
some of the semantics of Algol can be formatized by establish-
ing a correspondence between expressions of Algol and ex-
pressions in a modified form of Church’s lambda notation, an
important formalism of LISP. Landin describes a model for
computer languages and computer behavior that is based on
the notions of functional application and functional abstrac-
tion. That model then is used as an abstract object language
into which Algol is mapped. The second part of Landin’s
paper gives a formal description realizing an abstract compiler
into the abstract object language. Such mappings between
languages are an important part of system design.

The notion of “object” mentioned in this early paper is
similar to the modern notion of “object” mentioned herein,
since they are packaged parts of programs which can further
be built-up into classes, which in turn are objects.

Much AT software has been developed using LISP. More-
over, relationships between Ada and LISP were reported at
the 1985 AI-Ada Conference at George Mason University.
For example, there has been some work in developing LISP
translators in Ada, and LISP has been viewed as a higher-level
design tooi for software that eventuaily wiii be coded in Ada.

The language ExperCommonLISP is one of the most com-
prehensive OOLs for the Apple Macintosh because it imple-
ments all the features of OOLs described in this paper except
unique instance methods.® Classes, superclasses, and sub-
classes, for example, are nicely implemented in this expansion
of CommonLISP. Another version of object-oriented LISP,
Zeta LISP, is available on the Symbolics AI workstations.

Therefore, from the computer language point of view, Ex-
perCommonLISP incorporates more of the features of a true
OOL than does Ada. Hence, because of the need for lossless
transformations from design notation to computer language,
ExperCommonLISP may be a more desirable initial target
than Ada. This suggests a modification of the method of
OOD, geared toward Ada, introduced earlier.

The use of OOD also has appeared in PROLOG (another
popular Al language) language programming. Shapiro and
Takeuchi'® have observed that Concurrent PROLOG is capa-
ble of expressing object-oriented language concepts, achiev-
ing the property of inheritance (i.e., the class-superclass hier-
archy). In this approach certain goals can be thought of as
objects which accept messages. Presumably this observation
could be applied to (non-concurrent) PROLOG as well.
There is a correspondence between PROLOG goals and Ada
(also Pascal for that matter) procedures.

Advantages of an object-oriented approach to database sys-
tems design are described by Maier and Stein.”* They state
that such an approach may result in a system that offers reduc-

tions in application development efforts beyond those achieve-
able by traditional DBS approaches. Gem-Stone' is such an
object-oriented DBMS that affords packaging of both system
behavior and structure.

With data sublanguages and models of traditional DBMSs
such as those using the relational approach, a data model is
analogous to a fixed abstract data type which cannot change
over time as additional operators, for example, become im-
portant to the application. Even when designing and imple-
menting such a DBMS with a language having powerful data
abstraction and encapsulation capabilities (such as Ada) and
including the use of generics, it is not easy to change types and
expand the model (e.g., beyond the given relational model
implemented through Ada packaging). Therefore, the man-
agement of changing types in an object-oriented database is
an important problem area."

DISTRIBUTION OF OBJECTS:
PARTITIONING ALGORITHMS

Previously, partitioning in database design has been a proce-
dure used to assign a logical object (e.g., relation in a rela-
tional model) from a conceptual or external schema of the
database to one or more physical objects identified in internal
schemas (stored database). Further, in the design of a geo-
graphically distributed database such logical objects (often
termed fragments) are assigned, with possible replication, to
the various geographical sites.

With such traditional databases Navathe, Ceri, Wieder-
hold, and Dou* extended the work of Hoffer and Severance”
by defining an algorithm in which attributes of an object are
permuted in such a way that attributes with “high affinity” are
clustered together. Further, information about the use of at-
tributes by transactions is initially converted into a square
matrix, termed the attribute affinity matrix, a symmetric
square matrix u defined as follows:

1 if transaction k uses attribute a;
e 0 otherwise

Their algorithm'® is a specialization of general algorithms
that permute rows and columns of a square matrix to obtain
a semiblock diagonal form, applied to partition a set of inter-
acting variables into subsets which interact minimally.

In our context, the logical objects are objects as previously
defined, and transactions from users may be replaced by mes-
sages from users or other objects.

Suppose that M1, M2, M3, M4 are messages Or Uusers
which refer to objects 01, 02, 03, 04, 05, 06. Then this can be
represented by the following incidence matrix MO =

Objects
01 02 03 04 05 06
Messages M1 1 1 0 0 1 0
M2 1 0 1 0 0 0
M3 0 1 1 0 1 0
M4 0 0 0 1 1 1
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Then if we break up the objects into the following groups it
is possible to process the messages in parallel:

P1 P2 P3 P4
01 03 05 02
04 06

Another possible grouping follows, involving some duplica-
tion with fewer groups (it is no longer a partition):

P1 P2 P3
01 03 02
04 05 06
05

Once the grouping is carried out, it is possible to assign each
group of objects to a segment of external storage—much like
traditional program segmentation but at a higher level of
abstraction—or to a node in a distributed system with its own
processor and memory. Note that the processors may be non-
von Neumann such as data flow processors.

In summary, the following factors must be considered:

1. Assignment of objects (and methods) to storage seg-
ments and nodes as well as the segment or node
arrangement

2. Location of objects at storage segments or nodes and
determination of all relevant addresses from user-
supplied information and from information contained in
a segment or node

3. Assumptions about whether all instances of an object
are to be stored on a single storage segment or node
(similar to horizontal partitioning'®).

DATA FLOW: OBJECT-ORIENTED MODELING

From the Introduction of this paper, recall that we referenced
three ways of controlling a robot” and have emphasized
object-centered control. Each component in a computer-
integrated manufacturing system may be a self-contained ro-
bot. The robots are therefore components of a distributed
system. Bruno and Balsamo'® have described an object-
oriented approach for modeling such systems using data flow
concepts.

In this section, we take the position that data represents the
internal states of an object and that data flow is the general
means of describing connections between objects. Included
are data flow diagrams between classes. Moreover, as a possi-
ble application each object may comprise the logical behavior
characteristics of a robot or automaton.

Tools that support the design of such systems may include
a database or knowledge base of such object descriptions.
Such support would be helfpul in the rapid prototyping of
potential distributed systems.

Target implementation languages may differ and depend

upon their ability to capture object-oriented and data flow
designs, but Bruno and Balsama have used Ada.

Let us now turn to further details used to represent an
object. Because of our interest in capturing the behavior and
control characteristics of each object, robot or automaton, we
will use the concept of a finite state machine (or process).

A finite state machine (fsm) is defined as a six-tuple
(50, S, I, O, delta,lambda), SO in S, S, I, O are finite sets,
delta and lambda are functions, and they are related as fol-
lows:

S0—the initial state of the fsm

S—finite set of states (different data in memory)
I—set of inputs

O—set of outputs

delta: § X I — S—an input causes a state change
lambda: § X I — O—an input causes an output

With respect to the object-orientedness of the model, when
a message m is sent to such an object an attempt is made to
match the message with a selector i in I corresponding to a
method of the object. If a match occurs, then the method is
executed changing the internal state of the object and produc-
ing some output. If no match occurs, then the object does not
change its state non-trivially.

It is also possible to consider another alternative when no
match occurs. If message m does match with a selector corre-
sponding to a method of the object, then a search may be
made of those selectors in a fsm containing the given fsm as a
subsystem, thereby allowing the object-oriented concept of
superclassing and inheritance.

THEORY: CATEGORIES

A category K comprises a collection OBJ(K), called the set
of objects of K, together with for each pair A, B of objects of
K a distinct set K(A, B) called the set of morphisms from A
to B subject to two conditions.™

In the object-oriented design sense, an object A can be
thought of as a “package” (S, P) pair of states (data) and
processes (procedures) P that can receive messages f and send
messages g. When A — (S, P) receives a message correspond-
ing to one of its methods associated with P it can change its
internal state (manipulate its data accordingly). And data
manipulation may include the sending of a message to another
object B.

An object category, OC can be formed from this object-
oriented design concept by calling pairs (S, P) category ob-
jects, which are members of OBJ(OC), and by calling mes-
sages f (S1,P1)—(S2, P2) category morphisms, which are
members of MORPH(OC). It can be shown that this defini-
tion of OC satisfies the properties of a category.’

An example of a pair (S, P) is an Ada package. However,
since the Ada language does not possess the inheritance prop-
erty of OOLs, subclasses and superclasses are not part of the
language. Further in this respect, subobjects and superobjects
do not occur naturally. Therefore, inclusion morphisms®
would not be a natural part of the corresponding category.
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NATURAL LANGUAGES:
FUZZY SETS AND OBIJECTS

An object, we recall, is a package of data and method (oper-
ation) definitions. Associated with an object is its class, simi-
lar to the idea of instance of a class. For example, to say that
“Pussy is a cat” is an abbreviated way of saying that “Pussy is
an instance of class cat.” Thus, “Pussy” is a member of the
class “cat.” Hence, we also have the idea of membership.

Using natural language, class instances can be purposefully
quite abstract, often intentionally vague. For example, instead
of saying “John is tall,” i.e., “John is a tall person,” we may
say that “John is quite tall” or “John is very tall.” Quite tall
and very tall are imprecise. Moreover, a fuzzy set® in natural
languages is a mapping from a set U into the closed unit
interval of reals [0, 1]. For example: tall:U — [0, 1] is a fuzzy
set. The range of tall determines the various grades or degrees
of membership. Two attributes such as very tall or quite tall
can be identified as similar or synonomous if there is sufficient
overlap of their membership, as in common usage.

While fuzzy sets afford some measure of similarity, in the
past it has been common in database design to consolidate
these attributes as identical when they are sufficiently syn-
onomous, sometimes creating a standardized word, such as
tall, in order to remove any undesirable logical redundancies.

This concept of fuzzy sets allows us to add the idea of degree
of membership of an instance in a class, as well as the inter-
esting notion of imprecise inheritance. Moreover, earlier we
had interpreted an object as a stand-alone automaton that is
capable of receiving and sending messages, as well as chang-
ing its internal states (data). In the context of this section a
fuzzy object would be like a fuzzy automaton.

Fuzziness is an intrinsic property of natural language. This
is one of many ways by which user-friendliness of software
may be increased, including:

» Sentences

e Menus

» Levels of abstraction

+ Mix of the above

¢ Approximate reasoning
« Syntax and semantics

In the second major step of database design® and in the
second step in knowledge base design, different initial user
views are consolidated into a conceptual schema using the
rules of identity, aggregation, and generalization. These rules
can be thought of as class rules that rely upon “is a” to per-
form generalization and “is part of” to perform aggregation
with identity classes that are synonomous, have similar se-
mantic meaning, and have overlapping grades of membership
such that their intersection is a basis for the identity. More-
over, aggregation and generalization allow for subclasses and
superclasses based upon membership grades.

One of the important system components used to maintain
fuzzy objects is a piece of software, known as a defuzzifier,
between the user interface and knowledge base.

TABLE I—Differences between Smalltalk-80 and Ada

Smalltalk-80 Ada
Binding time late early
Operator overloading yes yes
Inheritance yes no
Multiple inheritance yes no
Classes yes no
Information hiding yes yes
Data abstraction yes yes

SUMMARY: OBJECT-ORIENTEDNESS AND AI

Object-oriented programming is more a code packaging tech-
nique than it is a coding technique; and it is therefore a means
by which software developers can encapsulate functional de-
signs in a manageable fashion. While languages such as
Smalltalk-80, LISP, PROLOG and Ada are very different
languages, they do have certain object-oriented language
properties in common which make each of them viable candi-
dates for work in developing software for AI applications.

Table I summarizes some of the differences between
Smalltalk-80 and Ada.

A class is sometimes referred to as a software integrated
circuit in order to draw a comparison with the packaging of
hardware silicon chips.

Further basic concepts of object-oriented programming
may be found in Cox.*
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ABSTRACT

In this paper we investigate the interactions between artificial intelligence and Ada.
The Ada language has been mandated for use in all U.S. Department of Defense
mission critical embedded systems. Artificial intelligence has become an important
ingredient in such systems. Currently, LISP is the language of choice among DoD
Al implementors, and its continued use may retard the expected widespread use of
Ada. However, many algorithms used in typical AT applications are procedural in
nature, and thus are better suited to languages like Ada. Key pivotal questions
addressed here are: What are the specific linguistic needs of Al applications soft-
ware development? What has Ada to offer? Is there a missing link between Al and
Ada? One main conclusion drawn is that Ada provides adequate support for the
conventional techniques used in AI (which represent 75 percent to 80 percent of
typical Al code); the other non-conventional techniques may not be directly sup-
ported by the language itself but through the programming environment (APSE),
the program library, and the run-time system.

Ada® is a registered trademark of US DoD, AJPO
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INTRODUCTION

Several factors motivate this discussion about artificial intel-
ligence (AI) and the programming language Ada. The most
important is the fact that Ada has become the standard com-
puter programming language for the U.S. Department of De-
fense (DoD) and recently it has been mandated for use in all
information systems, and in particular for mission critical em-
bedded software. The language may eventually dominate the
software world, since it has a high level of standardization and
it is expected to have a wide dissemination.

The Ada language is intended to be used in a great variety
of applications; however, there may be some application areas
for which the language may not be suitable. One of these
areas is Al. Although no standard language exists, almost all
Al programming within DoD is done in LISP. If this trend
continues, Ada’s expected usage and acceptance may be
hampered.

Another important aspect indicates that most Al tech- -

niques do not seem incompatible with Ada. It has been re-
ported that only about 20 percent to 25 percent of the code
written for a typical Al application is “pure” Al code;' in
other words, 75 percent to 80 percent of Al code is inherently
procedural (i.e., not appropriate for LISP or PROLOG but
ideally suited to a language like Ada).

In this paper we discuss some of these factors, paying partic-
ular attention to the needs of Al and the features offered by
Ada in this area. We do not intend to compare programming
languages or discuss the benefits and pitfalls of AI, the Ada
language, or their methods for software development. In-
stead, we provide a positive view about their coexistence.
First of all, we explore the interrelations between these two
radically different approaches to problem solving. We analyze
ATl and Ada approaches to software development within the
framework of modern software engineering and current sys-
tem complexity problems and reliability needs. We then iden-
tify the general requirements of typical AI applications and
present the relevant aspects concerning the use of Ada for Al
applications.

SOFTWARE ENGINEERING, ADA AND AI

For several years there has been considerable general discon-
tent with the process of designing and producing software and
the quality of the software produced. Efforts are underway to
find ways for greatly increasing programmer productivity and
for enhancing the quality of the products.

Two main research directions have been proposed. On the
one hand, a popular evolutionary (or transformational) ap-

proach strives to develop a refined “programming environ-
ment” that provides full automation of the software pro-
duction process and which is centered around one standard
language and a standard set of interfaces.” On the other hand,
a less widespread but more revolutionary (or breakthrough
seeking) approach tries to devise a new programming para-
digm by adopting ‘“knowledge based” tools into the software
production environment.> Both approaches are centered
around the idea of sophisticated software engineering envi-
ronments (SEE).

Ada

The Ada language is the cornerstone of many efforts within
the evolutionary approach.*> The language is the result of an
international competition for a new standard higher-order
language specially designed for programming large real-time
embedded applications.® The effort came as a response to the
increasing cost of software mainly caused by the difficulties of
software maintenance and the huge number of languages and
dialects in use.

Ada is basically a block-structured language, with excellent
information hiding capabilities and system-level structuring
features. The language provides a unified set of concurrent
programming constructs and a well-defined program library
and configuration management system. Ada is a design and
implementation language, supporting both bottom-up and
top-down incremental programming in which programs are
made up of one or more (typically many) separately compiled
units.

The Ada language defines a standard multi-layered open-
ended programming support environment (APSE) as an inte-
gral part of the solution.”®® The environment includes all
facilities and tools that a software designer requires through-
out the software life cycle, including methodology-specific,
language-specific, and applications-specific tools.

Al

The revolutionary approach to the software problem is
based on Al research, seeking ways out of the “von Neumann
bottleneck” through newer computational formalisms for the
software process. However, Al researchers have rarely con-
cerned themselves with software reliability and maintain-
ability. Software engineering techniques must be used during
development, ' although various Al techniques can add new
power to existing development tools.'" In Al, open-ended
“knowledge representation systems” are the paradigms for
programming in the future.



70 National Computer Conference, 1987

Al has made progress towards the development of con-
cepts, linguistic tools, and techniques for knowledge
representation. Different computational paradigms have been
put forward and some of the most widely known are: func-
tional programming, logic or predicate programming, rule-
based and knowledge based systems, object-oriented or mes-
sage passing systems, networks, and frame-based and produc-
tion systems.”” In fact, the sheer number of programming
paradigms may prevent the development of a standard envi-
ronment. Recent developments call for more consolidated
environments combining features originally found only in in-
dividual paradigm environments."

It is clear that programming is a problem solving activity.
Thus it is expected that future programming environments
will include “intelligent” tools. From an AI point of view,
programming should be made as easy as possible by shifting
the burden from the programmer to the machine through the
construction of programming environments.

ADA SUPPORT FOR AI APPLICATIONS
DEVELOPMENT

Al languages focus on symbol manipulation and list process-
ing, supporting dynamically changing representations and
flexible (non-procedural) control flow."* The linguistic and
computational needs of Al can be grouped into two broad
categories; namely, traditional and non-traditional require-
ments.

Ada Support for Traditional AI Requirements

Traditional Al requirements include basic features such as
dynamic data structures, recursion, symbol manipulation,
pattern matching, data as objects, reusable functions, and
relaxed typing. Ada certainly is capable of handling tradi-
tional Al techniques.

All these basic requirements are satisfied by Ada’s clear
and up-to-date control and data structuring facilities, power-
ful data abstraction mechanisms, and comprehensive support
for modularity.

Dynamic data structuring

Ada defines a rich basic set of data primitives as well as
novel facilities for specifying programmer-defined new data
types. Dynamic data structuring; that is, defining and con-
structing data structures at run-time, is done in Ada as it is
done in LISP."> 'S Automatic storage management is not re-
quired in Ada, although the Language Reference Manual
does not preclude garbage collection (an implementa-
tion-dependent feature).

Recursion

Ada provides good recursive programming facilities.

Symbol processing and pattern matching

Ada library packages" are the means for providing LISP-
like list processing and pattern-directed computation on list
structures.

Data as objects

Ada provides specific language mechanisms which unify the
representation and operations of programmer defined data
types. This is achieved by using private types in packages, one
of the unique features of the Ada language. Although not a
“complete” object-oriented language, Ada possesses many of
the required features."”

Relaxed type checking

Even though Ada is a strongly typed language, it allows for
the creation of “type-less” programs by using generic program
units.

Reusable functions

Reusability is one of Ada’s strong points. It also is achieved
through library units—an intrinsic concept in Ada—in the
form of self-contained (generic) packages.

Ada Support for Non-traditional AI Requirements

Non-traditional requirements are Al techniques not usually
found in procedural programming. These include functional
programming and programs as data, logic and predicate pro-
gramming, incremental (and interactive) compilation, and
rapid prototyping. These requirements are not directly sup-
ported by Ada at the language level, but can conveniently be
satisfied by the Ada environment, its library system, and the
Ada run-time system.

Non-traditional Al requirements can be satisfied by the
Ada programming system at the programming environment
level and at the standard libraries level. The environment level
incorporates special Al tools. The set of standard libraries
provides interoperability among the tools for supporting spe-
cific Al applications.

Functional programming and programs as data

Functional programming refers to elementary forms of
function definition (no side effects). The idea is to use factor-
forming operations combining primitive functions into more
complex functions, and so on. This approach also eliminates
the need for variables and “procedural” descriptions. In gen-
eral mappings define applicative operators in which a function
takes another function as input.'®

Ada satisfies the requirements for functional programming
by providing a rich set of objects and primitive functions, data
abstraction facilities for defining new types of objects and new
primitive operations, and a mechanism for defining function
forming operations—generic functions—with other functions
as parameters to derive still other functions.
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“Programs as data” deals with dynamically defined func-
tions and self-modifying programs. Dynamically definable
functions is a topic closely related to self-generating code, a
technique used in LISP and other interpreted languages in
which a function or program segment is developed at run-
time. Employing this technique, data structures can be con-
structed and directly executed.

Ada does not directly offer the capability of producing
“self-generating” code. In fact, this is possible if and only if
the language involved is the “native” language of the under-
lying computational system (either as a virtual or physical
machine). Dynamically definable functions might be possible
with an Ada machine that directly executes Ada code (either
virtually or physically).

Logic programming

Logic programming requires at least an elementary form for
defining facts and rules (declarative programs). The main pro-
gram component is information about the application, not
procedural instructions. Algorithms are not completely under
the control of the programmer. Instead an underlying mech-
anism known as an inference engine controls the algorithms.
Programmers must master this underlying process in order to
specify a correct set of assertions. These control mechanisms
are inherently procedural and can be written entirely in
Ada,” in which case traditional declarative programs (e.g.,
PROLOG Programs) may be considered as pure data.

Incremental and interactive compilation

A key tool in modern programming environments is an
incremental compiler, which operates (usually interactively)
as the source program is changed by recompiling only what is
necessary. The simplest approach to incremental compilation
is to determine the minimal separately-compilable unit. In
System-oriented languages such as Ada which have compre-
hensive automatic configuration management facilities, a sim-
ple change can easily cause several compilation units to be
compiled. Syntax-directed editors and the maintenance of an
online intermediate program representation (e.g., DIANA*
for Ada) makes incremental compilation more feasible for
complex languages like Ada.*

Rapid prototyping

Rapid prototyping is a methodology that can be applied in
any programming environment. For example, logic pro-
gramming considers programs as executable statements of the
requirements analysis. As such, logic programming can assist
in the early stages of the software life cycle, unifying exe-
cutable systems analysis with databases containing rules as
well as explicitly stored data, and using the same formalism
for both programs and specifications. The executable analysis
becomes some sort of system prototype, which could be auto-
matically converted into Ada programs. Furthermore, “inter-
face programs” (written in Ada) can be used to handle neces-
sary typing, subprogram calls, and error handling.”

Can Ada Coexist with Other AI Languages?

The Ada language definition makes provision for the possi-
bility of inserting “foreign” code in an Ada program in the
form of a pragma. However, multi-lingual, multi-paradigm
programming environments in which traditional software en-
gineering languages like Ada can directly interact with non-
traditional AI languages are difficult to define for several
reasons.”

Al languages are interpreted languages, thus there is no
common (low-level) language which can be used by a linker to
produce running programs made up of Ada and LISP/
PROLOG code. Furthermore, a direct interface from Ada to
other languages is difficult, because Ada’s run-time kernel
depends heavily on its data types and exception handling
mechanism. Finally, pragmas are recommendations; it is up to
the implementer whether to provide them.

The Ada programming environment facilitates coexistence
with other AI languages. Tools can be provided for auto-
matically converting sentences written in a “functional nota-
tion” to Ada (generic) instantiations. In such a case, we are
not using a programming language; we are using a program
generator: a computer-aided program generator from (“‘exe-
cutable”) specifications. Furthermore, the run-time system
provides the virtual machine needed, since it can provide
LISP/PROLOG:-like interpretative capabilities.

AN ADDITIONAL ADA FEATURE: TASKING

Unrestricted self-modifying functions are mathematically un-
decideable and therefore should be avoided. Ada provides a
different view of programs as data, in the form of task objects,
which opens up new possibilities for “controlled”” generative
programs. In Ada, a (potentially concurrent) process is real-
ized as a (constant) task object which is a data object consist-
ing of: (1) a particular sequence of statements, (2) local data,
and (3) entries for interprocess communication. As are other
data objects in Ada, a task object belongs to a type: a task
type. This type is a limited private type which can be used
anywhere a limited private type object can be used. For exam-
ple, it can be used:

« (chiefly) as an actual generic parameter
* as a subprogram actual parameter
e as a private package

However, even though we know their structure, we cannot
manipulate task types as literal values. This restriction pre-
vents the dynamic generation of completely new tasks.

Task types can be used to define task templates which,
when combined with access types, can be conveniently used
for dynamically creating (activating) as many tasks as needed
at run-time. This is a very powerful technique leading to con-
venient designs of inference schemas corresponding to PRO-
LOG clauses.” Ada tasks also provide an executable model of
the system, something quite useful for simulation and rapid
prototyping purposes.
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CONCLUSIONS

The successful support that Ada gives to Al applications cre-
ates new software systems with a higher degree of portability
and reliability, increasing the chances for creating reusable
software and for alleviating maintenance problems.

Both traditional and non-traditional requirements of Al
applications development can be satisfied by the Ada pro-
gramming system at three levels: (1) the language level, (2)
the programming environment level, and (3) the standard
libraries level. The language support level provides basic lin-
guistic features and programming building blocks. The envi-
ronment level incorporates special Al tools. The set of stan-
dard libraries provides interoperability among the tools for
supporting specific Al applications.

Large portions of Al code are procedural by nature. Other
Al-intensive code can be tackled by using functional and de-
clarative notations, automatic conversion tools, and Ada run-
time kernel (RTK) support. The factors involved are Ada
language features and methods, APSE tools, and RTK (CAIS
dependent).

Many practical results have already been reported, some of
which are:

« Several efforts have produced systems for generating Ada
packages from natural language specifications as well as
PROLOG prototypes.

+ Several inference engines for expert systems have been
implemented in Ada.

« LISP programs have been automatically rewritten in
Ada. Further, it has been shown that run-time perfor-
mance is much better in Ada than in current interpreted
functional languages!

= Semantic networks have been implemented in Ada, pro-
ducing more flexible and enhanced networks.
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ABSTRACT

The junction of Al and computer security is an area of increasing concern, due to
the imminent application of Al to fielded systems. Two new areas of research need
are identified: artificial intelligence techniques in the development of secure sys-
tems and in analyzing the security characteristics of software; and verification of the
security of artificial intelligence. Current and proposed research in these areas by
the Department of Defense will be discussed.
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INTRODUCTION

While the areas of artificial intelligence and computer security
have been explored for many years, the intersection contains
many interesting, useful, and, in some cases, dangerous
implications. The intersection can be viewed from two direc-
tions. First, how can artificial intelligence techniques be used
in the design and analysis of secure systems? Second, what can
be said about the security characteristics of artificial intel-
ligence software, particularly expert systems?

Artificial intelligence techniques are being relied on more
in various security related tasks. Although some work has
been done in both directions, the intersection still has many
under-explored or unexplored areas in need of further re-
search. This paper will briefly identify some areas under re-
search, and areas in need of exploration.

USING AI TECHNIQUES IN COMPUTER SECURITY
DESIGN AND ANALYSIS

While many software engineering tools and methodologies
have been devised to help in creating reliable and easy to
maintain software, secure software and systems require a
greater degree of assurance about their behavior. One area
that has received much attention is in formal verification of
software. The necessity of formal verification is mandated by
the National Computer Security Center (NCSC), which re-
quires that for a computer system to achieve a top rating of
Al, a formal top-level proof must be done for the system.’
Artificial intelligence techniques have been introduced in the
form of automated theorem provers.

Given a program and a set of formal specifications, an
automatic theorem prover can be used to verify that the pro-
gram satisfies the specifications. One example of a verification
system that uses a theorem prover is Gypsy.” Although other
verification systems are in use, Gypsy has been used with
much success, particularly by NCSC.

Looking towards the future, it has been said that the ulti-
mate goal of artificial intelligence applied to software en-
gineering is automatic programming, and we might expect to
have a system that automatically generates secure software
when a user specifies the requirements.

While the above methods are useful in the development
stage of software, experience has shown that they cannot be
applied to existing software. Large bodies of software exist
that need to be used in secure environments. Therefore, test-
ing and analysis techniques are used to determine the security
characteristics of the software. In this area, very little work
has been done using artificial intelligence techniques.

As far back as 1974, the RISOS (Research in Secure Oper-
ating Systems) project at Lawrence Livermore Laboratory

had developed a set of tools to analyze operating systems for
security flaws.> The tools used powerful pattern-matching
techniques to search the code for sequences of operations that
might characterize security flaws. The tools analyzed various
assembly languages, and are not currently in use; although at
the time good results were obtained. The tools should be
updated to analyze high-level languages.

One area that could be quite productive is the use of an
expert system to analyze software and recommend testing
strategies—a task well suited for an expert system. In this
respect, the expert system would act as an assistant to a secu-
rity analyst.

A related issue is the study of a system in operation to
discover security violations. In this area, several groups have
made advances using artificial intelligence techniques for in-
trusion detection and for on-line analysis of the system.

Discovery is the name of TRW’s expert system that is used
to detect anomalies in subscribers’ usage of a database. The
system searches for frequently occurring patterns in data and
compares these patterns to daily activity to detect variations
from normal behavior.* Sytek, under contract for the Depart-
ment of the Navy, is investigating the use of pattern matching
for the automated analysis of audit traiis to assist security
officers in detecting security violations.® Still others are using
pattern matching and audit trails for intrusion detection.®’

SECURITY OF EXPERT SYSTEMS

The other side of the artificial intelligence and computer
security coin is an area of much concern. Specifically, what
can be said about the security characteristics of artificial intel-
ligence programs, in particular, expert systems. Now that ex-
pert systems are starting to be routinely created and used,
computer security officers must now concern themselves with
the security analysis of these systems.

Although in the early days of expert systems, they were
hailed as being easy to maintain and understand, most would
now agree that expert systems are actually hard to understand
and maintain. The existing methodologies for software design
and maintenance are not readily applied to expert systems,
and this is one area that needs considerable research.

At least one research group is currently investigating design
methodologies for rule-based systems.® More work needs to
be done in the verification of expert systems in order to assure
their behavior prior to installation in a security environment.

Other areas of artificial intelligence research will have even
greater difficulties with computer security. What of systems
that learn? There must be some assurance that these sys-
tems maintain their security characteristics. No research to
date has addressed this problem, since machine learning is still
in its infancy. However, the problem should be addressed
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now, and should not wait until systems have been imple-
mented and installed.

CONCLUSION

Artificial intelligence techniques are starting to be applied to
the analysis of secure computer systems, and, hopefully, their
use will improve the utility of security analysis and verifica-
tion. On the other side of the coin, more research is needed
to address the security implications of artificial intelligence
systems. Design, verification, and analysis techniques are

needed for expert systems and systems with learning mech- -

anisms, and these techniques should be developed now, not
after the systems are fielded.
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ABSTRACT

The incremental addition of rules over time in a rule-based system warrants the
need for a system to ensure rule-base integrity. A methodology is proposed in this
paper that will check the addition of new rules against the existing rule-base for
conflict, redundancy, subsumption, knowledge-related limits, resource conflict,
knowledge conflict, and message conflict. A relational database is used to store the
rules, and relational database techniques are used to analyze the database. A
directed graph is used to represent relationships between knowledge, resources,
messages, and database attributes. Thus, both the relational database and the
directed graph serve as unifying methodologies in the design of the system. Also,
a trace mechanism is provided to show the type of conflict and the rules involved.
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INTRODUCTION

This paper presents a methodology to be used along with
expert system shells to check rule-based systems for rule-base
integrity. The Rule Integrity Sub-System, called RISS, uses a
relational DBMS to store rules making up the rule-base and
to analyze them for consistency and conflict using relational
database techniques. A directed graph also is used to repre-
sent interrelationships between knowledge. Together, the
relational database and directed graph form the unifying ap-
proach in storing, representing, and analyzing the rule-base.

As new rules are collected from various experts and added
into a rule-based system, the rule-base becomes more com-
plex and the probability of rule-base inconsistency increases.
The proposed rule-base integrity subsystem increases the
integrity of the rule-base by checking for: rule conflict, redun-
dancy, subsumption, knowledge related limits, resource con-
flict, knowledge conflict, and message conflict (see Figure 1).
Rule conflict, redundancy, and subsumption have been dis-
cussed by Suwa,' but are formalized and expanded in this
paper. Knowledge-related limits, resource consistency, know-
ledge consistency, and message consistency are introduced
and formalized here. Also, a trace mechanism is included in
the system to report the type of conflict that occurs, display
the rules involved in conflict, and provide other useful infor-
mation. Finally, a secretarial rule-base of 60 rules is used as an
example rule-base for analysis.>>

KNOWLEDGE REPRESENTATION

Data organization and knowledge representation are key
points in the design of RISS. These strategies form the basis
for the type of analysis performed throughout the entire sys-
tem.

Much of the problem solving is accomplished using meta-
knowledge. Meta-knowledge* is knowledge about knowledge;
in our case it is knowledge about various aspects of the system,
rule-base, and other domain specific information. This proce-
dural knowledge is specified in RISS as meta-rules, templates,
and knowledge tables. All these forms of meta-knowledge are
stored in various forms of knowledge tables.

Meta-rules are meta-knowledge in the form of “if-then
rules.” They are used in manipulating the internal knowledge
or specifying knowledge about strategies. For example, meta-
rules are used to activate groups of rules in the inference
process:

Ton
If: category .eq. phone_call
Then: search rules 1 thru 12

Expert

System Interface

Conflict Avoidance
Redundancy
Subsumption

Knowledge Limits

Meta-
Trace ™ knowledge

Database Related Message
Consistency Consistency

I

Rule Addition
Module

Figure 1—System diagram

Knowledge tables in the form of database relations hold
mappings, function templates, and some dynamic informa-
tion. Templates are in the form of list structures* (object,
attribute, value) where object is the name of some function
such as “notify,” attribute is the first function parameter, and
value is the second function parameter, usually indicating the
type of action to be taken by the function. These templates
offer a lot of flexibility because they can differ from function
to function and primarily are used to check function specifica-
tions within rules.

Graph Theoretic Approach

The simple directed graph is the unifying representation for
all rule and database paradigms. Related-resource models,
related-knowledge models, and message models all use the
directed graph approach to represent interrelated informa-
tion. Formally, a digraph G consists of a set of vertices V =
{v1,v3,...},asetof edges E ={e;, e, ...} and a mapping ¥
that maps every edge onto some ordered pair of vertices
(vi,v;).” A vertex is represented by a circle and an edge by a
line segment between v; and v; with an arrow directed from v;
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to v;, or v; to v;, or both. The digraph has no self-loops, but
can have parallel edges between some nodes. This approach
toward representing knowledge and its interrelationships
gives a common methodology for the representation and the
analysis of knowledge. Directed graphs are a mathematically
formalized approach for interrelating information, and they
can easily be expanded to other knowledge representations as
needed. The digraph structures are stored as knowledge
tables in a relational database.

Relational Database Approach

A relational database® is used for storing all data, rules, and
meta-knowledge. It provides a cohesive way of manipulating
all data. Standards can be enforced, data can be shared, re-
dundancy reduced, and integrity increased. Relational data-
base techniques such as restriction, projection, and division
are used to manipulate and extract desired data and check for
rule-base inconsistencies. That is, since all existing and new
rules are stored in a relational database, all matching and
checking is done within the context of the relational database.

Initially, new rules and other design information are ac-
cepted by the expert system front-end which outputs the gath-
ered information in its own format. RISS uses an interface
module to reformat the rules into a standard format under-
stood by all its modules. The rules will be placed in temporary
condition and action relations. The New_Conditions relation
contains the attributes: NewRuleNo., Antecedent, Owner,
Date, and Comment.

To analyze the rules for conflict, redundancy and subsump-
tion against the existing rule-base, the rules in the New_
Conditions and New_Actions relations are parsed and put
into separate temporary relations that are used only during
analysis. For example, in the New_Conditions and New_
Actions relations the antecedent and consequent attributes
hold all the conditions and actions of a rule. The conditions
and actions must be broken up so that there is one condi-
tion or action per tuple in a relation. These relations are
called Parsed_New_Conditions and Parsed_New_Actions.
Parsed_New_Conditions contains the attributes: SegNo.,
NewRuleNo., Antecedent, and Consequent.

The existing rule-base and meta-rule base are also stored in
relational database form. The existing rules are stored in the
Conditions and Actions relations and other rule information
such as ownership and date of entry are stored in- Condi-
tions_Data and Actions_Data relations.

The Actions_Data relation contains one additional attri-
bute called rule dependency which points to other rules, if
any, that depend on the existing rule. This is necessary during
deletion. Any rules associated with an existing rule in infer-
ring a conclusion may also have to be removed given that the
rule was the sole support.” A rule supports other rules that are
used before it in an inference process. If a rule is supported by
more than one rule, then all of them must be erased before it
is erased.

Meta-rules that specify system-related knowledge are
stored in relations having identical attributes as the relations
for the existing rule-base: Mr_Conditions, Mr_Condi-
tions_Data, Mr_Actions and Mr_Actions_Data. Other meta-

knowledge is stored in database relations including knowledge
tables for locks and knowledge-related limits and decision
tables.

SYSTEM TRACE CAPABILITIES

RISS has a trace and error handling capability. The trace
mechanism keeps track of the current module in which analy-
sis is taking place, the type of problem encountered, the exist-
ing rules involved, a display of those rules, the new rules
involved, and the new rules that have passed so far. If an error
is recoverable, the trace will prompt the user to decide
whether to continue or to stop. An example of a trace is found
in Figure 2. The following sections present the formalized
methodologies used in enhancing rule-base integrity.

RULE CONSISTENCY

When knowledge is represented as production rules and new
rules are added incrementally, inconsistencies' may appear as:

1. Conflict: this may appear in two forms.

a. Action conflict: two or more rules fire because they
have the same conditions, but there is conflict in the
action portion of the rules (that is the results are
different).

b. CF conflict: if certainty factors®® are used, the condi-
tions and actions may be the same, but the associated
certainty factors differ.

SYSTEM TRACE

MODULE: Consistency module
TYPE OF PROBLEM: Action Conflict

EXISTING RULE(S) INVOLVED: 036

ro36 .
If: category .eq. filing and
filing.type .eq. letter
Then: file(letter,filing.company) and
notify(sender, stat7)

NEW RULE INVOLVED: 002

Tnew
If: category .eq. filing and
filing.type .eq. letter
Then: file(letter, filing.product) and
notify(sender, stat7)

NEW RULES PASSED SO FAR: 001

HARDCOPY? < Y/N >
Figure 2—Example of output from RISS trace
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2. Redundancy: two or more rules fire because they have
identical conditions and actions.

3. Subsumption: two or more rules have the same condi-
tions and actions, but some of the rules have more con-
ditions that make such rules more restrictive. Also, two
or more rules have identical conditions, but some of the
rules have more action clauses than other rules.

The following sections describe each area of rule conflict in
detail, starting with the presentation of the problem and fol-
lowed by examples.

Conflict Avoidance

Rule conflict may occur as either action conflict or CF con-
flict. Action conflict occurs when a rule that is being added has
identical conditions with an existing rule, but the actions dif-
fer. The actions may differ completely in task execution or can
merely have more action clauses in one rule vs. another.

A rule r; is defined as the ordered pair (C;, A;). The set of
all conditions in rule r; is denoted by C; and the set of all
actions in rule r; is denoted by A;. Given two rules r; and r;
from the set of rules in the rule-base R, conflict occurs when
C;=C;, A;# A;, and A, is not a proper subset of A;, A; € A;.
For instance, there is an existing rule in the example secre-
tarial rule-base rq35 which specifies that a letter should be filed
according to the company to which it is addressed, and that
the sender should be notified that the filing has been accom-
plished.

Toas
If: category .eq. filing and
filing.type .eq. letter
Then: file(letter, filing.company) and

notify(sender, stat7)

Suppose the domain expert wishes to add another rule into
the rule-base which has the form:

Vnew
If: category .eq. filing and
filing.type .eq. letter
Then: file(letter, filing.product) and
notify(sender,stat7)

These two rules differ in that the new rule’s actions desig-
nate the letter to be filed with documents describing the prod-
uct to which it pertains, as opposed to the existing rule which
specifies the letter should be filed by company. This is a
simple case of rule conflict: the conditions are the same, but
the actons differ. The system will flag this problem and report
it through the trace module shown in Figure 2. The trace will
halt further analysis of additional new rules as soon as a con-
flict is found. From the trace, the expert adding rules will have
enough information to know how to proceed. For a new ruie
to be added successfully, the existing rule will have to be
removed first or the new rule and any related new rules may
have to be modified.

The second form of conflict is CF conflict, which occurs
when all conditions and actions are the same but the certainty
factors (CF) associated with the conclusions differ. Given a
rule r; consisting of the ordered pair (C;, [A;, CE]), the set of
all conditions in a rule r; is denoted by C;, and the set of
actions having a certainty factor of CF is denoted by A;. Given
two rules r; and r;, CF conflict occurs when rule 7; has a
different certainty factor from an existing rule ; in the rule-
base R. Thatis, C;= C;, A;= A; and CFE # CF,. For instance,
given an existing copy machine rule Ros; and a new rule Ry :

Fosz
If: copy machine is on and
copy button is pressed with no response and
no warning light is on
Then: there is strongly suggestive evidence (.9)
that the machine is broken
Tnew
If: copy machine is on and
copy button is pressed with no response and
no warning light is on
Then: there is strongly suggestive evidence (.8)
that the copy machine is broken

Both rules are the same except that the certainty factor in the
existing rule is .9 and the certainty factor for the new rule
is .8. Once the certainty factor parameter of the Copy_
Machine function is compared and found different, the trace
will report the error and the program will terminate. The
system will check whether C;= C;, A; = A4, and CF # CF and
if it is true, the system will generate a trace reporting this type
of conflict and end analysis of the rule-base. After receiving
the trace, the user will have to decide whether to delete the
existing rule.

Redundancy

Rule redundancy” exists if two or more rules have identical
conditions and actions. Given two rules r; and r;, redundancy
exists when C;= C; and A; = A;, thus r; = r;. If the conditions
and actions are identical, but the order of either conditions or
actions differs, then the redundancy check will still flag the
rules as identical and go through the trace. To change the
order of the conditions or actions in a rule which is redundant
with a new rule, the existing rule must be deleted from the
rule-base and the new rule added afterward. For example, the
following two rules will be treated as being redundant:

Toz20

If:  category .eq. In_person
In_person.name .eq. employee
In_person.meeting .eq. 1
In_person.travel .eq. 1
free(In_person.time) .eq. t

Then: schedule(In_person.time, In_person.name)
travel(In_person.name, In_person.time,
In_person.dest)
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Tnew

If: category .eq. In_person
In_person.name .eq. employee
In_person.meeting .eq. 1
In_person.travel .eq. 1
free(In_person.time) .eq. t

Then: travel(IN_person.name, In_person.time,
In_person.dest)
schedule(In_person.time, In_person.name)

The new rule’s actions make travel reservations before
checking a person’s schedule. The order of the clauses will not
be considered during the check for redundancy. Other tech-
niques not discussed here would have to be used to check for
the order of clauses. Even though redundancy may not neces-
sarily affect the correctness or consistency of the rule-base, it
will unnecessarily increase the overhead in storage and analy-
sis of the rule-base.

Subsumption

Rule inconsistency can also occur in the form of subsump-
tion. That is, a new rule can subsume an existing rule if it has
a superset of conditions or actions of an existing rule. Sub-
sumption has been discussed by Suwa' and is expanded and
formalized in this section. Subsumption can occur in two
forms:

1) a superset instance
2) a subset instance

The superset instance occurs when a new rule has a superset
of the conditions of an existing rule. The new rule will have
more conditions, be more restrictive, and include all the con-
ditions of an existing rule as a subset of its conditions. If r; is
a new rule and r;is an existing rule, then the superset instance
occurs when, C; C C; and A; = A;. Another possibility is if the
new rule has a superset of the actions in an existing rule,
C;= C; and A;C A;. Finally, both conditions and actions in a
new rule may be supersets of an existing rule, C;C C; and
A;CA;. In the event that any of these superset instances
occur, the new rule will supersede the existing rule. As an
example, given an existing copy machine rule ros4 and a new
rule 7uen:

Yos4
If: copy machine warning lights are checked and
toner light is on
Then: open machine
fill with toner
rnew
If: copy machine warning lights are checked and
toner light is on
Then: open machine and
fill with toner and
turn machine on

The new rule’s actions are a superset of the existing rule’s
actions; therefore, the new rule will supersede the existing
rule. This is an example of subsumption superset instance.

When certainty factors are involved, this check of logical
consistency will flag the problem as if certainty factors didn’t
play a role. If the conditions or actions are a subset of an
existing rule but have a different certainty factor, the trace will
indicate it and the existing rule will not be superseded. It must
first be deleted in order for the certainty factor to change. In
the superset instance, the new rule will supersede the existing
rule with the new certainty factor replacing the old.

The subset instance occurs when a new rule has a subset of
the conditions in an existing rule. If 7; is a new rule and ; is an
existing rule, then a subset instance occurs when C; C C; and
A;=A;. Also, the situation exists when a new rule has a
subset of the actions in an existing rule, A;C A4, and C;=C;.
Finally, both conditions and actions in a new rule can have
subsets of an existing rule’s conditions and actions, C;C C;
and A; C C;. If any of these subset instances occur, then the
new rule will not be added to the rule-base.

Knowledge-related Limits

Many higher level variables and resources may be used in a
rule-base. These should be kept track of so that they are not
depleted and so certain artificially set limits are not exceeded.
Also, the knowledge related limits should be dynamically ad-
justed to accommodate changes in the rule-base. For exam-
ple, suppose the following rule exists in the rule-base:

Tose
If: category .eq. stationery and
number of envelopes .1t. 10
Then: order a new box of envelopes

A new rule to be added is:

rMW
If: category .eq. stationery and
number of envelopes .1t. 8
Then: order a new box of envelopes

It can be seen initially that these are two different rules with
the same conclusion. Upon closer inspection, the second con-
dition in each rule is related. That is, the existing rule already
includes the limit set by the new rule. Since the number 8 is
less than 10, the new rule’s limit falls under the existing rule’s
larger limit. However, it may be that the new rule is in-
tentional and that the limit should be lowered from 10 to 8. In
this case the system should flag the problem, report it in the
trace, and the user should delete the existing rule before
adding the new one. Knowledge tables hold constraint infor-
mation of the form {a;,7:;, &} where a; is an attribute such as
the number of envelopes, r; is a relational operator such as
“It” or “eq,” and ¢ is the constraint or limit. Each time an
attribute is encountered, it is compared against the knowledge
limits table to check if it falls within some limit already pre-
scribed. If a rule has identical conditions to an existing rule
except for the constraining condition, then the knowledge
limits table is searched for the attribute with the constraining
condition. If it is found, the constraint is compared and re-
ported in the trace. If it is not found, the rule is passed to the
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next test and the constraint flagged for update into the knowl-
edge table.

RESOURCE CONSISTENCY

A rule-based system may make use of a database. If a data-
base is to be updated by functions invoked by a rule which
fires, then one of the considerations that should be addressed
is the possibility of resource conflict. A resource is defined as
a quantity of objects or allocation of time. Typically, a re-
source is an item quantity (e.g., the number of nuts or bolts)
or a time related attribute (e.g., for scheduling or reserving
dates). Resource conflict will occur when a rule fires and: (1)
requires access to a resource which was recently updated, (2)
rules in an inference path have access to the same database
attribute, (3) rules update or access an attribute which is
related to other attributes, or (4) individual rules are incom-
plete and therefore may contribute to a resource conflict.

To maintain resource consistency by avoiding the problem
of resource conflict, the following strategies are used:

1. lock table: used to lock a resource on either a time de-
pendent basis or by user ID

2. multi-rule resource conflict model: used to check that the
same resource isn’t accessed during an inference process

3. related resource model: used to show the relationships
between various related resources.

Lock Table

A resource such as reserving a room or scheduling an ap-
pointment should be checked against being updated shortly
after it has been set. A rule may fire which invokes a function
that allocates a resource. Subsequent access to this resource
by other rules or other functions within a rule should be
restricted on a time- or ID-dependent basis. The restriction on
aresource will be in the form of a lock, which will be specified
in a lock table. The lock table is a knowledge table in the form
of a database relation and consists of the following attributes:

1. DB relation: specifies the database relation containing
the resource to be locked.

2. DB attribute: specifies the attribute in the relation repre-
senting the resource to be locked.

3. RB function: specifies the function in a rule that requires
access to the resource.

4. Tuple Num.: the number of the tuple in the relation
holding the resource to be locked.

5. Lock type: specifies the type of lock to be put on the
resource. The lock type may be either time dependent or
ID dependent. The time dependent lock is set on an
attribute for a length of time ¢. The time length is set
ahead of time by updating the lock table. The ID de-
pendent Jock is used to lock a resource by user ID. Only
the original updater can unlock the resource. Both of
these types of locks are set ahead of time in the lock
table.

6. Time: specifies the length of time ¢ that a resource attri-
bute may be locked.

7. ID: specifies the ID of the user who updated the re-
source last.

The lock types are preset in the lock table and may be
changed anytime. To avoid resource conflict when a rule fires,
the lock table is checked by keying off the DB relation and DB
attribute, which is the resource, and by checking the lock
type. If the lock type is time, the time field is then checked to
see if the resource can be accessed. If the lock type is ID, then
the ID attribute is checked against the current updating user.
Most of the problems of resource conflict can be handled by
either the knowledge tables or appropriate database relations
(e.g., include attributes such as ‘“appointee,” “visitor” to
identify the person for which the appointment is made).

Multi-rule Resource Conflict Model

The multi-rule resource conflict model is used to check
rules in an inference path for access to a single resource. A
resource should not be updated more than once in a single
inference since the second update will cancel out the first and
make it meaningless. Therefore, a set of rules involved in an
inference should be checked for functions which update the
same database attribute.

To check for this potential problem, a model in the form of
a directed graph G, is constructed. All conclusions in a rule
represented as functions which update the database are
assigned as vertices Vium = {Virm,  Vmrms» - - - } I0 the graph
G,pm . The direction of the arc ¢; from a vertex v; to a vertex
v; indicates that vertex v;, representing a database updating
function, precedes vertex v; which represents another data-
base function. The graph G..... contains all database updating
functions of rules involved in an inference path. The functions
are linked by directed arcs in the sequence they fire during an
inference. If a vertex v; has more than one arc a;, g;, . . . point-
ing to it, then there are duplicate functions or conclusions in
the inference path. If this function updates a database, then it
can cause resource conflict.

Related-resource Model

Resource conflict can also occur if resources that are related
to one another are not updated simultaneously. That is, a
resource such as a nut is related to a resource such as a bolt.
For every nut there should be a bolt, or every time a trip is
scheduled for a period of time, all appointments during that
period should be rescheduled. These relationships or associ-
ations between resources in the database are represented by
a related resource model.

The related-resource model is in the form of a directed
graph G,, where the vertices V ={v,,, , V,r,, . . .  correspond to
aresource attribute and each arc fromthe set E = {e,,,, €mr,, - . .}
connects two related attributes v; and v;. The associations
between resources are predefined as world knowledge. Any
new associations should be updated manually in this model.
The functions in the actions portion of a new rule r; are
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checked against a knowledge table holding all functions which
update a database. If the new rule’s function matches and
therefore updates a database, then the functions’ parameters
are checked for the attribute being updated and this attribute
is matched against the graph G,,. If the resource attribute v;
is associated with another resource v;, then the resource v; is
checked further for any other associations and so on. Last, the
list of all associated resource attributes, which are found by
searching the graph G,,, are compared with functions up-
dating the database. The actions portion of a rule must con-
tain functions which update all these related resource attri-
butes in the list.

KNOWLEDGE CONSISTENCY

An extension of resource conflict in a database domain is
knowledge conflict. Knowledge is defined as an item of infor-
mation or as an object of information. Knowledge conflict can
occur when related pieces of knowledge are not updated si-
multaneously.

Some attributes in a database such as a company, its phone
numbers, street address and city address may be related to
one another. If a company changes its location, not only does
the street address have to be changed, but probably the zip
code and possibly city, state, and other attributes have to be
changed as well. These are related pieces of knowledge. Also,
a semantic network consists of related pieces of knowledge
that may have to be updated simultaneously when a change is
made.

A related-knowledge model in the form of a digraph Gm
is set up to represent related pieces of knowledge. Each vertex
v;in the graph represents either an object in the form of a fact
or a database attribute. Related pieces of knowledge are con-
nected by arcs. Each time a piece of knowledge is referenced,
it is checked against the graph G... to see if other pieces of
knowledge should be updated simultaneously.

MESSAGE CONSISTENCY

Some rule actions may include messages that are sent if a rule
fires. If multiple rules are in an inference path, then many
messages may be sent. Following is a list of some of the poten-
tial problems that may be encountered when many rules fire:

1. Identical or redundant messages may be sent by several
actions invoked within a single rule.

2. Conflicting messages may be sent from more than one
rule in a single inference.

3. Identical or redundant messages may be sent from more
than one rule in a single inference.

4. Conflicting messages may be sent by actions invoked
within a single rule.

All these message problems make up a category of conflict
called message conflict. Message models are proposed as a
method of increasing message consistency by checking for
message conflict.

Intra-rule Message Conflict

Rules may contain a number of actions that may fire result-
ing in more than one message being sent from a single rule.
For instance, two messages which will be sent when rule roo;
fires:

Too1

If: category .eq. phone_call
phone_call.speak .eq. “boss”
phone_call.name .ne. null
location(boss) eq. “out”

Then: notify(sender,statl)
inquire(phone_number)
generateform(type.memo,memo.info)
mailbox(memo,receiver,stat14,sender)

First, the sender is notifieed with a message starl that the
person he wishes to talk to is out, notify (sender,stat1). Then
the sender is notified that the intended receiver of his phone
call has been notified by a mail message, mailbox (memo,
receiver,stat 14 ,sender).

Intra-rule message conflict is defined as conflict between
messages sent from a single rule. Message conflict is defined
as separate messages appearing together and having conflict-
ing or contradictory information. A message model is used to
designate what is conflicting or contradictory between mes-
sages. The message model consists of a set of vertices V,,,, =
{Vinm 1 s Vg s - - - }, @ S€t Of ArCS Erpn = {€mm 1 » €mims » - - - } Where
each vertex v; corresponds to a message m; and each arc ¢; has
a flag F designating a positive or negative association [e;, E].
A negative association, F = —1, from vertex v; to v; indicates
that message m; should not be associated with message m;. A
positive flag, F = +1, indicates that the association is valid.
That is, both messages m; and m; can appear together. All
messages in the graph are linked to all other messages and
each link is assigned an association flag.

Intra-rule message conflict is resolved by using the message
model to check whether messages in the action portion of the
rule conflict or are redundant. The action functions in the rule
to be analyzed are compared to a knowledge table containing
templates matching the correct message to a particular func-
tion (see Table I).

The message associated with a particular action function is
then matched against the message model. If additional func-
tions in the rule send messages, they also are compared to the
message model. If these messages are connected by arcs, the
flag F associated with the arc e; connecting the two messages
m; and my; is checked to verify the validity of the association of
the two messages, m; and m; . If the flag equals —1, then the

TABLE [—Sample knowledge table

Context Function Attributes Message (M)
mail mailbox ?x,rec,M,send statl4
file notify sender,M stat7
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grouping of these messages in a single rule is not allowed, and
RISS reports the problem through the trace. If the messages
are the same, then this problem is also reported through the
trace. Otherwise, the messages may be grouped together and
RISS continues on without interruption.

Inter-rule Message Conflict

Rules may fire one after another in an inference path before
coming to a conclusion. As the actions are invoked, messages
may be sent that are conflicting or redundant. To avoid this
problem, new rules are checked to see if they are standalone
or if they are involved in an inference path. This is done by
checking a rule dependency model for all rules involved in an
inference. The details of this model will not be discussed here.
Once all the rules in an inference path are found, the action
clauses of these rules are searched for functions containing
messages. Those functions are compared to the knowledge
table containing templates which match the correct message
to the function in the action portion of the rule. All messages
involved are gathered and each message is matched to the
message model to see if any messages in that inference path
should not be grouped together. If any messages should not be
grouped together as indicated by the association flag, then this
problem is reported through the trace module.

Database Message Conflict

In a database environment, access or update of certain
attributes in various relations may be monitored. Specific ac-
cesses or updates trigger messages that are sent by the monitor
on the database relation. The monitor kernel may be rule-
based in the form of alerter rules, which designate actions that
should be taken upon any access or update of database attri-
butes. Therefore, the techniques described in the last two
sections would apply.

CONCLUDING COMMENTS

Developing and formalizing a methodology that tries to in-
crease rule-base integrity is helpful during the ongoing addi-
tion of rules into an expanding rule-base. This paper intro-
duces some techniques for achieving rule-base integrity and
opens up some new possibilities and questions. Future work
will include the development of rule models, ™ rule-set mod-
els, and knowledge belief maintenance models. Rule models
will be used to check rules for completeness (e.g., whether
certain conditions or actions are missing for a rule). Rule-set

models will attempt to check for missing rules, and belief
maintenance models will attempt to check new rules against
an internal view of the world (belief) as based on existing rules
and previous world knowledge. This will include the ability of
a system to learn about itself in all modules including the
ability to learn about the world through the addition of new
rules to the rule-base and thereby expand its knowledge dy-
namically. Currently, world-view knowledge is predefined
and added manually. Also, a friendly administrative interface
should be developed to make changes to domain specific
knowledge, templates, etc. Additional modules could be ad-
ded to handle specifics about backward chaining and other
inference mechanisms as well as analysis of other knowledge
structures and the inferences that are made from them.

Although this paper focuses on rule-base integrity, the con-
cepts presented can apply to other knowledge representa-
tions. These methodologies could easily be extended or
tailored to encompass other knowledge representations.
These additional extensions based on the original concepts
could make this a more general knowledge integrity meth-
odology that would be more applicable to systems which make
use of several representations in their design.

RISS is implemented on a VAX 11/780 running VMS, and
uses the ORACLE database to store rules, and ORACLE’s
SQL language to handle database analysis. C programs call
embedded SQL procedures to handle rule-base analysis.
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