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INTRODUCTION

This document is the electronic version of the Proceedings of the Third Conference on CLIPS. It
was created using the electronic version of papers supplied by the authors. Not all authors
supplied electronic versions of their papers and in other cases the appropriate applications to read
the electronic versions were not available, so not al of the papers presented at the conference are
in this document. Some pictures and tables contained in the electronic versions of the papers did
not survive the conversion process to Microsoft Word for Macintosh. Such deletions are noted as
[Figure Deleted] and [Table Deleted]. In addition, all papers were reformatted for uniformity
(any errors generated during this process were purely unintentional).






THE BUFFER DIAGNOSTIC PROTOTYPE:
A FAULT ISOLATION APPLICATION USING CLIPS

Ken Porter
Systems Engineer
MS: R1-408
Harris Space Systems Corporation
295 Barnes Blvd.
PO Box 5000
Rockledge, FL 32955

This paper describes problem domain characteristics and development experiences from using
CLIPS 6.0 in a proof-of-concept troubleshooting application called the Buffer Diagnostic
Prototype.

The problem domain is alarge digital communications subsystem called the Real-Time Network
(RTN), which was designed to upgrade the Launch Processing System used for Shuttle support at
KSC. The RTN enables up to 255 computers to share 50,000 data points with millisecond
response times. The RTN’s extensive built-in test capability but lack of any automatic fault
isolation capability presents a unique opportunity for a diagnostic expert system application.

The Buffer Diagnostic Prototype addresses RTN diagnosis with a multiple strategy approach. A
novel technique called “faulty causality” employs inexact qualitative models to process test
results. Experiential knowledge provides a capability to recognize symptom-fault associations.
The implementation utilizes rule-based and procedural programming techniques, including a
goal-directed control structure and simple text-based generic user interface that may be re-usable
for other rapid prototyping applications. Although limited in scope, this project demonstrates a
diagnostic approach that may be adapted to troubleshoot a broad range of equipment.






ON THE DEVELOPMENT OF AN EXPERT SYSTEM
FOR WHEELCHAIR SELECTION

Gregory R. Madey, Sulaiman A. Alaraini, and Mohamed A. Nour

Kent State University
Kent, Ohio, 44240
gmadey @synapse.kent.edu

Charlotte A. Bhansin

Cleveland Clinic
9500 Euclid Avenue
Cleveland, Ohio 44195.

ABSTRACT

The prescription of wheelchairs for the Multiple Sclerosis (MS) patients involves the
examination of a number of complicated factors including ambulation status, length of diagnosis,
funding sources, to name a few. Consequently, only a few experts exist in this area. To aid
medical therapists with the wheelchair selection decision, a prototype medical expert system
(ES) was developed. This paper describes and discusses the steps of designing and devel oping
the system, the experiences of the authors, and the lessons learned from working on this project.
Wheelchair_Advisor, programmed in CLIPS, serves as a diagnosis, classification, prescription,
and training tool in the M S field. Interviews, insurance letters, forms, and prototyping were used
to gain knowledge regarding the wheelchair selection problem. Among the lessons learned are
that evolutionary prototyping is superior to the conventional system development life-cycle
(SDLC), the wheelchair selection is a good candidate for ES applications, and that ES can be
applied to other similar medical subdomains.

INTRODUCTION

The medical field was one of the first testing grounds for Expert System (ES) technology; the
now classic expert system, MY CIN, has often been cited as one of the great breakthroughs in
Expert Systems. MY CIN, however, is only one of alarge number of expert system applications
introduced over the last two decades in the medical field alone [17]. Other examples include
NURSExpert [1], CENTAUR, DIAGNOSER, MEDI and GUIDON [17], MEDICS [3], and
DiagFH [10] to mention only a few. However, no expert system, to our knowledge, has been
developed for the wheelchair selection problem. In this paper, we report on a new application of
ES in the medica field; the paper discusses the experiences of the authors with a prototype
system developed, using CLIPS, to delineate a wheelchair selection for multiple sclerosis (MS)
patients. Our work, therefore, contributes to the existing applications of medical expert/support
systems by expanding the domain of applications to the wheelchair selection problem and
demonstrating the utility of CLIPS on this problem domain. We will demonstrate that the
complexity of the wheelchair selection decision makes it a prime target for an expert system
application.

To prescribe a wheelchair for a patient with MS involves more than knowing the patient’s
disease condition and available choices of potential wheelchairs. A complex web of factors has
to be untangled to reach an appropriate choice of a wheelchair. The decision is complicated by
such factors as physical body measurements, age and life style, degree of neuralgic impairment,
and environmental factors.



MOTIVATIONS FOR COMPUTER-AIDED WHEELCHAIR SELECTION

The motivations for using computer-aided wheelchair selection support fall into two categories:
those from the therapist’ s standpoint and those from the patients’ standpoint.

From the Therapist’s Standpoint:

The use of computer-aided selection of wheelchairs benefits the therapist in severa ways. The
prescription of wheelchairs for the MS population is complicated by diverse presentations and
symptom fluctuations as well as many other factors. The selection of a well-suited wheelchair is
afunction of the following variables.

1.

Ambulation status: In general, a patient is classified as able to walk or not able to walk.
In multiple sclerosis, some ability to walk may be limited to short distances or specific
terrains. This factorsinto the type of wheelchair they will need.

Environments to be traversed: This variable includes both indoor and outdoor
locations. The existence of ramps in the patient’ s residence and the size of the bathroom
are among the environmental factors relevant to the choice of an appropriate wheelchair.
The frequency of need in each environment hel ps determine the priority.

Distances to be traversed: Under this factor, both the indoor and outdoor activities are
considered. Self-propelling for short distances may be feasible for some individuals who
stay primarily at home, so a manual wheelchair may be appropriate, although disability
level may be high. More active users may require a power wheelchair to travel long
distances in the community.

Transport of the wheelchair: Consideration must be made for the wheelchair to disas-
sembleinto parts so asto fit in acar or to be sized to fit on public lift-equipped busses.

Caregiver characteristics. If a caregiver exists for the patient in question, the
characteristics of the caregiver(s) are considered in the wheelchair selection. The age,
number of caregivers, tolerance for equipment, their health, and the degree of support for
the patient are some of the factors to be evaluated when selecting a wheelchair for the
patient.

User characteristics: This variable includes both physical and cognitive dimensions.
For the physical, body measurements of the patient are essential to the selection
processes, along with qualities of posture, balance, and abnormal muscle tone.
Wheelchairs come in made-to-order frame sizes and appropriate sizing is essential.
Physical abilities are also evaluated: involuntary movements of the extremities and head
are noted. Areas requiring support for best posture and function are documented. As for
the cognitive dimension, physical and occupational therapists have to consider the extent
to which the patient can safely use the devices. Other issues to be examined by the
therapists are the ability to learn the electronic system of a powered wheelchair, to re-
spond quickly in dangerous situations and the ability to report discomfort or problems
with fit of the wheelchair.

Length of diagnosis—history of disease course: This composite variable aids in
determining if the MS symptoms of the individual are stable. If they seem stable, a less-
modular wheelchair can be appropriate. A progressive disease course would require
many modular options for future needs, as the MS symptoms change, it would be
possible to modify the wheelchair to fit the needs of the patients.



8. Currently owned wheelchairs: Therapists need to consider this item early in their
analysis. The current wheelchair may or may not meet some of the needs of the patient.
One possibility is that the current wheelchair can be modified to meet the patient’s
needs. Another possibility is that the wheelchair needs to be replaced because it is
inappropriate for current needs, beyond repair or desired modifications can not be
performed.

9. Funding sources of past and potential wheelchairs: This factor is considered at the
end of the process but it is a crucia one. Most patients are restricted in terms of the
number of wheelchairs that they can purchase over time under their insurance coverage.
Typicaly, atherapist examines and evaluates the factors that determine the needs of the
patient to narrow down the choices of the available wheelchairs. Once the options are
reduced, the therapist uses the funding source variable to choose among the options. The
funding sources can include Medicaid, Medicare, private insurance (e.g., third party),
private purchase, or charity (e.g., MS Society Equipment Loan Program). Each one of
these sources has its own rules regarding the wheelchair selection problem. For example,
some policies restrict the purchase of a new wheelchair to one every five years. Some
will not cover a manual wheelchair if an electric wheelchair was previously obtained.
Hence, such restrictions need to be factored in when considering the selection of an
appropriate wheelchair.

10. Current wheelchairson the market: There are over 500 models, each offering multiple
options of sizing, weight, frame styles, footrests, armrests, cushions, and supports. A
current database of technical information would greatly aid in wheelchair selection.

Note that the degree of importance placed on each one of the foregoing factorsis not fixed. There
is a complex interaction between variables for each patient under consideration. It can be seen
from the above illustration that selecting an appropriate wheelchair would be difficult to solve
algorithmically. Hence, an expert system is a good candidate for this kind of problem. It was
observed by the expert involved in this pilot project that the process of selecting the wheelchair
involves both forward and backward reasoning. A therapist starts with the factors that are
considered to be important to the patient in question and then narrows down the options available
to the patient. This process involves forward reasoning and it is estimated to be eighty percent
(80%) of the overall analysis performed by the therapist. The rest of the reasoning, twenty
percent (20%), is devoted to backward chaining where the therapist starts with a specific set of
wheelchairs and sees if they meet the needs of the patient as well as the requirements of the
funding source.

A computer-aided support system can play a significant role in helping the therapist cope with
the factors mentioned above. It can guide the therapist in making the best decision about what
wheelchair and features need to be prescribed, based on comparison to other successful cases. It
can aid the therapist by insuring thorough evaluation. Also, it can help the therapist keep abreast
of new products on the market. Such a system insures quality in the wheelchair selection process.
An inappropriately prescribed wheelchair usurps coverage and prevents re-prescription of a more
appropriate chair. In addition, the standardized reporting format could also be used to conduct
more objective studies on wheelchair prescription.

Such a system also has value as a training tool for both novice therapists and therapy students. A
tutorial in which real-life or smulated applications are demonstrated can be used for teaching
and training. Furthermore, innovations in the wheelchair industry change frequently. The use of
computer-based support can overcome this problem. A database of currently available
wheelchairs kept and updated on a regular basis, is needed in the field of rehabilitation
technology. Finally, the documentation of valuable expertise as reflected by real-life applications
will be easier using a computer based system. In this context, an expert therapist is a scarce



resource. Hence, years of experience involving the prescription of numerous wheelchairs can be
stored in the system and used later as a reference by therapists who practice in more general
areas.

From the Patient’s Standpoint:

Of all patients with Multiple Sclerosis (MS), about 40 percent will lose the ability to ambulate.
Thus, wheeled mobility stands out as a primary need in this population. Because of the nature of
the wheelchair selection problem, it is not unusual for the medical therapist/specialist to prescribe
a seemingly appropriate wheelchair for a particular patient only to have the patient reject the
wheelchair. The importance of the selection of an appropriate wheelchair for a particular patient
cannot be overstated. From the M S patient’ s standpoint, the selection of a suitable wheelchair is
critical for the following reasons:

1. Insurance: Because of funding restrictions, the patient might be restricted to a
wheelchair for aminimum number of years before being eligible for another wheelchair.
The M S patient wants to be sure the right chair is prescribed.

2. Cost: The prescription of an appropriate wheelchair should take the cost factor into
consideration, especialy if the patient is to bear that cost, for patients resources vary.
Also cost consideration is important due to funding restrictions imposed by insurers or
Medicaid/Medicare programs. The costs of a wheelchair can range from severa hundred
to several thousands of dollars.

3. Mohbility and comfort: The selection of an inappropriate wheelchair will limit already
diminished mobility and deny the individual MS patient the potential for increased
functional independence from an otherwise suitable wheelchair.

4. Health: An inappropriate wheelchair not only may inhibit mobility and cause
discomfort, but it may worsen the patient’'s condition, e.g., postured deformities,
pressure sores, etc.

5. Image and psychological factors. A suitably selected wheelchair might enhance the
patient’s personal image, and thus contribute to more community/social involvement.
For example, ayoung MS patient might desire a sporty wheelchair to remain active and
socially involved.

Because of the foregoing reasons, it is desirable to have a computer-aided wheelchair selection
support system that will hopefully maximize the benefits in the sel ected wheelchair.

Rationale For Using An Expert System

As was discussed earlier, the selection of the wheelchair for the MS population involves the
examination of presentations and symptom fluctuations. Because of the complexity of these
factors, only a few therapists are available with a body of expertise to tackle the wheelchair
selection decision. A computer-aided system, however, would capitalize on this expertise and
make it more widely available. Hence a knowledge-based system seems appropriate, more
specificaly, a knowledge-based expert system. The next section discusses medical expert
systems in general and develops a taxonomy for them. We then show where our prototype
system fitsrelative to this taxonomy.



TAXONOMIC FRAMEWORK FOR MEDICAL EXPERT SYSTEMS

The wide range of intelligent (knowledge-based) medical systems today can be broadly classified
using the taxonomy shown in Figure 1. This taxonomy is based on three broad dimensions: tech-
nology, domain, and application type.

1.

Technology: Technology is further divided into: 1) hardware platform (e.g. PC-based,
workstation-based, etc.), 2) Al method (solution), and 3) programming tools. A medical
knowledge-based system can thus be classified on whether it is PC-based, mainframe-
based, etc. It can aso be classified on whether it is an expert system solution [4], a
neural network (ANN) [9], a natural language system, interactive hypermedia [8], a
paper-based [16], etc. Programming tools include Al programming languages and shells.
Examples include OPS5, Lisp, Prolog, and CLIPS[15].

Domain: Knowledge-based systems have been applied in a variety of medica
subdomains [1, 2, 3, 4, 10, 14, 17]. Example subdomains include: heart diseases, blood
analysis, asthma, artificial limbs, childhood diseases, and this project on multiple
sclerosis (MS). It is difficult, however, to neatly classify medica computer-aided
systems on the basis of medical subdomains since many of these systems have
overlapping domains.

Application Type: The application type dimension describes the function of the
knowledge-based system for which it is developed. These applications types include
diagnosis[10], classification [17], prescription/selection [15], tutoring/training [14], data
analysis and interpretation, prognosis, and knowledge/technology transfer. Many
knowledge-based systems are built to support more than one of these functions.
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Figure 1. A Taxonomic Framework for Knowledge-Based Decision Support Systems

Review of Medical Expert Systems

Our emphasisin this paper is on medical expert systems, which is a subset of the computer-aided
support systems in the technology dimension mentioned above. Some of the well known medical
expert systemsinclude the following [17]:

1.

CENTAUR: The domain of this expert system is lung diseases, developed in the
INTERLISP programming tool by the Stanford University. Operational functions
include diagnostic interpretation of pulmonary function tests.

DIAGNOSER: Deas with heart diseases, develop in LISP by the University of
Minnesota.

GUIDON: The medical domain include bacterial infections. It is developed in
INTERLISP by the Stanford University.

MDX: Dealswith liver problems, developed in LISP by the Ohio State University.

MED1: Deds with chest pain, developed in INTERLISP a the University of
Kaiserlautern.
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6. MYCIN: Best known of al medical expert systems, MYCIN’s medical subdomains
include bacteremia, meningitis, and Cystis infections. It was developed at Stanford
University and the main operational functions include diagnosis of the causes of
infections, treatment, and education.

7. NEUREX: Concerned with the nervous system, NEUREX was developed in LISP at the
University of Maryland. Its functions include diagnosis and classification of the diseases
of the nervous system.

8. CARAD: This expert system handles radiology; it was developed at the Free University
of Brussels. Its main functions is the interpretation and classification of X-ray
photographs [3].

Our Wheelchair_Advisor stands apart from these expert systems listed above by its unique
domain of wheelchair prescription for MS patients and our choice of the programming tool. This
project involved the use of a PC and the expert system shell CLIPS [6, 7, 13, 18]. The
functions/objectives of the Wheelchair_Advisor included diagnosis, classification, prescription,
and training. Figure 2 maps these characteristics into a classification scheme to show where our
prototype expert system fits relative to current computer-aided medical systems. As Figure 2
indicates, and to our best knowledge, no other expert system application has been developed in
the domain of wheelchairs for M S patients.

Medical Knowledge
Domains

Application
Types

heelchair Advisor
Prescription
Expert System
CLIPS
MS-Wheelchaj
PC

Technology
Employed

Figure 2. Classification Framework for Medical Decision Support Systems
THE WHEELCHAIR EXPERT SYSTEM PROJECT

The Environment

The Cleveland Clinic Foundation’s Mellen Center for Multiple Sclerosis Treatment and Research
was initiated in 1985 with a grant from the Mellen Foundation. The Mellen Center, the largest
and most comprehensive full-time MS center in the country, is an interdisciplinary outpatient
rehabilitation facility providing direct patient care, education, and basic and clinical research into
the causes and management of MS. In 1993, the Mellen Center had 14,000 patient visits for its
services of neurology, nursing, occupational therapy, physical therapy, psychology, and social
work. Approximately 350 new patients are seen each year.
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The Knowledge Engineering Process

The knowledge engineering process has often been described as the “ knowledge engineering bot-
tleneck” due to the difficulty and complexity of this process. To deal with the complexity of the
knowledge engineering process, three basic methodologies were used to elicit knowledge from
the expert: interviews, insurance documents, forms, and prototyping.

1. Interviews: Multiple interviews were conducted with the expert by three knowledge
engineers (KE) al of whom, including the expert, are the authors of this paper. A typical
session lasted from 3to 5 hours.

2. Insurance Letters/Other Forms:The insurance and other prescription forms
supplied the knowledge engineers with the missing links in the pieces of knowledge
gained from the interviews. These forms embodied actual cases describing patient
symptoms, condition, cognitive/psychological state, and the recommended wheelchair.
Because of the difficulties of obtaining sufficient knowledge using interviews only, as
pointed out above, the knowledge obtained from these documents was invaluable
inasmuch as it complemented the expertise derived directly from the expert.

3. Prototyping: The interviews went side by side with an actual prototype developed to
foster better communication between the expert and the KE's. This helped offset some of
the limitations of the interviewing process. Each subsequent version of the prototype
provided a chance for the expert to “endorse” the KE's interpretation of the knowledge
supplied in the previous interview. At times the expert would clarify a previous answer
and supply a new one; thus it became clear that the prototype helped correct errors in
communication and misinterpretations.

The System-Building Process

The project was conducted in an interactive fashion and rapid prototyping was used to develop
the system. Figure 3 shows the block diagram of the prototype system. First, the patient’s needs
and constraints are considered. This data can be provided on line or by using an input text filein
which the data about a particular patient is stored. To accomplish this task a number of rules of
the type IF/THEN are implemented. The result of this examination, which is a template of facts
about the patient in question, is then used by the search module which in turns uses this
information while searching the wheelchair database to find the appropriate wheelchair(s). Note
that the optimizer module consists also of IF/THEN rules. As for the wheelchair database, it
contains a list of wheelchairs with different features. An explanation facility where the reasoning
of the system is explained to the user can be added to the system. Findly, there is a solution set
module where the recommendations of the ES are included. In the next subsection, a description
of CLIPS, an expert system language, is presented. Then, sample screens and dialogue are
shown.

12



Patient Database Wheelchair
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Patient": . N
t
Needs/Constrain Searcl Explanation Facility

\A Solution Set

Figure 3. Block Diagram of the System Design

CLIPS

CLIPS (short for C Language Integrated Production System), developed at NASA/Johnson
Space Center, has recently shown increasing usage [6, 7, 11, 13]. CLIPS is a forward-chaining
rule-based language that resembles OPS5 and ART, other widely known rule-based devel opment
environments. Figure 4 shows the basic components of CLIPS, which are essential for an ES.
Following thisfigure is a brief description of each component.

1. User Interface: The mechanism by which the user and the expert system communicate.

2. Fact-list: A global memory for data. For example, the primary symptom of an MS patient can
be represented in CLIPS syntax as in Figure 5. For clarity, the reserved key words of CLIPS are
printed in bold letters.

3. Knowledge-base: Contains al the rules used by the expert system. For instance, consider the
following partia rule that is used by the system to list al the primary symptoms of an MS
patient:

| F user has a primary symptom of cerebellar ataxia

THEN the primary symptom is cerebellar ataxia

In the CLIPS syntax, this rule and the associated dialogue can be written as shown in Figure 6.

4. Inference engine: Makes inferences by deciding which rules are satisfied by facts, prioritizes
the satisfied rules, and executes the rule with the highest priority.

5. Agenda: A prioritized list created by the inference engine of instances of rules whose patterns

are satisfied by facts in the fact list. The following shows the contents of the agenda at some
stage:

13



Agenda

Fact Inference Knowledgg
List Engine Base
User
Interface

Figure 4. CLIPS Basic Components. Adapted from [6].

Engl i sh: o _
The primary symptom of the patient is cerebellar ataxia

CLI PS:
(deffacts user-data
(s synptons prinmary cerebellar ataxia)

Figure 5. CLIPS Syntax for storing facts

In Figure 7, three instantiated rules are placed on the agenda. Each entry in the agendais divided
into three parts: Priority of the rule instance, name of the rule, and the fact-identifiers. For the
first entry in the agenda, for example:

« 2 refersto the priority.

* ms-symptom-primary is the name of therule.

« f-5 isthe fact-identifier of the fact that matches the pattern of the rule. Such facts are stored
asinFigure5.

(defrul e ns-synptons-prinmary
?phase <- (phase ms synpton)
=>
(retract ?phase)
(printout t crlf "What is the primry synptom of the M
patient? ")
(bi nd ?answer (readline))
(if (not (stringp ?answer))
then (printout t crlf "Please check again!" crlf)
(assert (phase ns synptonj)
(if (stringp ?answer)
then (bind $?sym (str-expl ode ?answer))
(assert (nms synptons prinmary $?sym secondary))))

Figure 6. CLIPS Syntax for rules

14



Agenda
2 ne-synptons-prinmary: f-
1 ns-synptons-secondary: f-
0 ms- synpt ons- secondary- nore f-

REZEY

f-8

Figure 7. CLIPS Agenda

Sample Screens And Dialogue

The above rule, the ms-symptoms-primary rule, can be used to show a scenario of a dialogue
between the end user (e.g., aphysical therapist) and the expert system as follows:

VHAT IS THE PRI MARY SYMPTOM OF THE MS PATI ENT?
cerebellar ataxia

VHAT | S THE SECONDARY SYMPTOM OF THE Ms PATI ENT?
weakness

Figure 8. A Sample screen of adialoguein a session

Based on the new information provided by the end user, the data about the patient will be
updated. Accordingly, the fact-list will include a new fact which shows the name of the primary
symptom of this patient. The resulting fact is presented in Figure 5. Another impact of this new
information will be to update the agenda to include the next rule to be fired, the ms-secondary-
symptom rule in this case. Thisis possible because a new fact, f-5, which was entered by the user
as an answer to an on-screen question, now satisfies this rule.

LESSONS LEARNED
There are many lessons to be learned from this project. First: the evolutionary prototyping in de-

signing expert systems is proven to be superior to conventional system development life-cycle.
Figure 9 shows the steps involved in designing a system under the traditional method.

End

User B Analysi |- Design |- Testing [-B Production

Figure 9. System Development Life Cycle (SDLC)

On the other hand, prototyping presents a more efficient way to design a system. Under this
method, the end user will be aware of the costs/benefits and, most importantly, will be a part of
the development team. In essence, the system will be modified a number of times until the
desired system is obtained. Figure 10 shows the steps involved in this method.

End User
&
Expert

ANALYSIS————H

o TESTING___| Prototyr

Figure 10. Evolutionary Prototyping

Second: the expert system developed in this project has shown the wheelchair selection problem
to be a good candidate for ES applications. This project has also shown that there are major
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benefits for both the medical practitioners and the MS patients to be derived from such an
application. Third, it is evident from this project that other similar medical subdomains might be
good candidates for the application of the ES technology. Our project serves to expand the
medical applications domain. Fourth, CLIPS was found to flexible, powerful, and intuitive
development environment for this application.

CONCLUSIONS

The authors of this paper were involved in a project concerned with the actual development of a
wheelchair selection expert system. A prototype expert system (Wheelchair_Advisor) was devel-
oped, using CLIPS, to prescribe wheelchairs for Multiple Sclerosis (MS) patients. This paper
reports the process, the experiences of the authors, the advantages of evolutionary prototyping
for expert system development, and the possibilities for new medical subdomains as candidates
for expert system applications.

Our findings show that there are major advantages for using an expert system tool to aid in the
analysis and selection of awheelchair for an MS patient. Such an expert system can also be used
as atraining and educational tool in the medical industry.
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ABSTRACT

Expert Witness is an expert system designed to assist attorneys and medical experts in
determining the merit of medical malpractice claimsin the area of obstetrics. It this by substitutes
the time of the medical expert with the time of a paralegal assistant guided by the expert system
during the initial investigation of the medical records and patient interviews. The product of the
system is a narrative transcript containing important data, immediate conclusions from the data,
and overall conclusions of the case that the attorney and medical expert use to make decisions
about whether and how to proceed with the case. The transcript may also contain directives for
gathering additional information needed for the case.

The system is a modified heuristic classifier and is implemented using over 600 CLIPS rules
together with a C-based user interface. The data abstraction and solution refinement are
implemented directly using forward chaining production and matching. The use of CLIPS and C
is essential to delivering a system that runs on a generic PC platform. The direct implementation
in CLIPS together with locality of inference ensures that the system will scale gracefully. Two
years of use has revealed no errors in the reasoning.

INTRODUCTION

When preparing a medical malpractice lawsuit, an attorney must identify the relevant facts and
use them to decide first if the case has merit. Usually, the attorney consults a medical expert to
evaluate the client's medical records and to advise the attorney. The problems for attorneys and
clients is that medical experts are both expensive and relatively scarce, the problem of
determining fault is tedious and time consuming, and the case load is growing.

Our approach to this problem is to make a preliminary determination of merit without investing
large amounts of time from a medical expert. Using an expert system called Expert Witness, the
paralegal staff can be guided in their examination of medical records and conducting of client
interviews. After data collection, Expert Witness produces a transcript of reasoning that aids the
attorney and medical expert in determining the validity of acase. The transcript is very similar to
what the medical expert would also have produced, except that it was created with far less
expense. By taking this approach, an attorney can determine the preliminary merits of a lawsuit
while saving substantial amounts of money. The attorney and medical expert can take on more
work. Deserving cases are more likely to be pursued because more cases can be handled overall.
Fewer non-meritorious, wasteful cases need be pursued, resulting in saved expense and anguish.
Overdl, in two years of operation, Expert Witness has been tested in 10 legal offices on
numerous cases with no complaints, and based on the success of the system, significant
development is planned to greatly expand its coverage.
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This paper describes the functional architecture, the implementation, the history, and the plans
for expansion of Expert Witness. It begins with a functional overview of the Expert Witness in
the Functional DescriptionSection. After the functional description, some typical cases are
described in the Example Cases Section. In the Implementation, History, and Future Directions
Section, the implementation of the current system in CLIPS and C is described, asis the history
of the project, and the future directions. Results and conclusions are given in the Results and
Conclusions Section.

FUNCTIONAL DESCRIPTION

The current domain of expertise for Expert Witness is obstetrical malpractice. The overall
context in which Expert Witness determines the extent of medical malpractice is shown in Figure
1. To determine the fault of medical personnel, Expert Witness directs a paralegal in the search
for relevant medical facts from patient records and patient interviews. Such information includes
the family history, the patient history, the history of the mother prior to birth, the events and
medical procedures performed at birth, and subsequent tests and treatment. Expert Witness builds
a case file for each client. This multiple client feature allows the paralegal to start and stop data
collection corresponding to the availability of information and access to the client. When
sufficient data has been collected, a narrative transcript and a fact summary is produced. The
narrative transcript is similar to what the medical expert would have produced. It marks the
important details, such as confirming or disconfirming evidence, presents reasoning chains based
on evidence, suggests further tests, and derives conclusions regarding the viability of the case.
The transcripts and the fact summaries are used by the attorney and the medical expert to make
the final decision whether mal practice contributed to the client's condition, and also to determine
what additional data need collected. The general philosophy embedded in Expert Witness's
knowledge is to only make conservative conclusions, based on practice that is well accepted in
thefield.

medical records patient

/ narrative transcript attorneys
@Vnness —— fact sheets medical experts

patient histories

paralegal

Figure 1. Context of Expert Witness
EXAMPLE CASES
The following cases are summaries of two actual cases handled by Expert Witness.
Case |
An infant was born with apgar scores of 8 and 9. The birth weight was six pounds. During the

mothers labor, monitoring indicated that the baby was in distress. In response to the data
suggesting distress, the physician treated the mother and reviewed the mother’s medications. It
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was found that one of the medications that the mother was taking is known to create false
positive findings of fetal distress. Normally, the distress patterns would have lead to a cesarean
section. By reviewing the data correctly, the physician avoided an unnecessary surgery which
carries added risks for the mother. The Expert Witness program analyzed the data and advised
the user that the physician had acted appropriately based upon the facts presented. This analysis
prevented a potentially frivolous law suite.

Casel ll

A child is known to be mentally retarded. The child was born with apgar scores of 2 and 5.
During labor, the mother had a biophysical profile which was abnormal. After delivery, the
infant developed low blood sugar and seizures. Family history revealed that the mother has a
nephew by one of her sisters who is also mentally retarded. The Expert Witness program
analyzed the data and advised the user that there appeared to be some improprieties on the part of
the physician during the mother's labor that could have contributed to the child's present
condition. It also noted, however, that there may have been a pre-existing condition which may
be the main contributor to the child's problems. It suggested that further analysis is necessary.
Thisis acase that deserved further in depth analysis by actual expert witness physicians.

IMPLEMENTATION, HISTORY, AND FUTURE DIRECTIONS

Expert Witness is used cyclically to build up a patient file. Within each cycle there are two
stages, data collection and data inference. Data collection is done interactively as the paraegal
presents known information to the system through a text based user interface written in C. Once
al known information is provided, the inference phase begins, and the known data are analyzed
to determine what conclusions are able to be made and what they are. When more information is
needed, additional data are suggested in the transcript. The medical expert may also direct the
paralegal to obtain more information. The next cycle of data collection/inference process allows
direct entry of any additional information, and produces a more complete narration.

The inference part of the system is written in CLIPS 4.3.1 Over 600 rules congtitute the
knowledge base. The basic architecture is an elaboration of the heuristic classification model.2
Initial data are abstracted from quantitative values to qualitative categories. Matching, based
directly on CLIPS rule matching, is used to determine the first level of solutions in the form of
direct conclusions in the narrative transcript. Additional reasoning is performed to produce the
next level of conclusions, based on the initial level. In contrast to some heuristic classifiers which
seek to produce one conclusion and may take the first one that is satisfactory, Expert Witness
makes all conclusions that it can. It uses a mix of reasoning methods, using some data to
strengthen and some data to weaken conclusions. It does not use certainty factors or other
approximate reasoning methods, since the qualitative representation of strength of belief using
basic CLIPS was adequate for the conservative reasoning philosophy adopted for the system.

The performance of Expert Witness has been very good. The knowledge used has generally been
localized, and the reasoning chains have been kept relatively short. Factoring of the rule base into
a number of independent subsystems for determining the first level of conclusions has also
helped. The second level conclusions are made using arule base that is loaded after all first level
conclusions have been made.

1 CLIPS Release Notes, Version 4.3, NASA Johnson Space Flight Center, June 13, 1989.
2 Clancey, W. J., "Heurigtic Classification," Artificial Intelligence, 27:3, December 1985, pp.
289-350.
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Expert Witness was built over a period of 5 months beginning in 1991. The initial knowledge
engineer and expert was Dr. Ray Lewandowski, a medical consultant and clinical geneticist. The
user interface was constructed by David Perkins at Texas A&M University-Corpus Christi. The
system has since been used by ten attorneys and their staff. Follow-up consultations are
performed with Dr. Lewandowski. Plans are underway to increase the number of users. In the
several years since being introduced in the field environment, no incorrect recommendations
have been made, and much time has been saved.

Based on the success of the initial system and demands of the users for broadening the scope of
application, additional experts are currently being interviewed in the areas of neonatology,
expanded obstetrical coverage, and hospital practices and procedures. Additional modules
beyond those are in the planning stage. No significant changes to the structure of the knowledge
base are expected. Knowledge should remain localized, and the performance penalty should
grow linearly with the number of systems. Each system will be incorporated so that it can
function as a stand-alone or integrated component of the entire system.

RESULTS AND CONCLUSIONS

The system has since been used continuously since its development by ten attorneys and their
staff. In the several years since being introduced in the field environment, no incorrect
recommendations have been made, and much time has been saved. Based on this extended
success, plans are underway to increase the number of users and the scope of the system's
coverage.

A critical success factor for Expert Witness, aside from the quality of the knowledge base, has
been the need for it to run on a generic hardware platform. The use of CLIPS has alowed us to
keep the system small, while maintaining speed and ease of programming, both because the
inference component is small and because it easily interfaced with a compact C user interface.

The second critical success factor derived from CLIPS is the suitability of the forward reasoning
and matching to the application and representation of the knowledge. Although CLIPS would
have alowed it, no meta-level reasoning was necessary. This simplicity allowed the knowledge
base to grow to over 600 rules without greatly affecting the structural complexity of the
knowledge or the cost of using it. On the face of it, the plainness of the knowledge representation
as rules speaks against this system when compared to more complicated knowledge structures
and control regimes, but in redlity, the degree of fit between the knowledge and the inference
system has allowed us to create and maintain a reasonably large knowledge base cheaply and
reliably. This simplicity is crucia for us when we consider expanding the knowledge base as
much as fivefold, which we intend to do.
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ABSTRACT

This paper describes the development of a prototype expert system for the intelligent selection of
robots for manufacturing operations. The paper first develops a comprehensive, three-stage pro-
cess to model the robot selection problem. The decisions involved in this model easily lend
themselves to an expert system application. A rule-based system, based on the selection model, is
developed using the CLIPS expert system shell. Data about actual robots is used to test the
performance of the prototype system. Further extensions to the rule-based system for data
handling and interfacing capabilities are suggested.

INTRODUCTION

Many aspects of today’ s manufacturing activities are increasingly being automated in a feverish
pursuit of quality, productivity, and competitiveness. Robotics has contributed significantly to
these efforts, more specifically, industrial robots are playing an increasingly vital role in
improving the production and manufacturing processes of many industries [6].

The decision to acquire arobot, however, is anontrivial one, not only because it involves alarge
capital outlay that has to be justified, but also because it is largely complicated by a very wide
range of robot models from numerous vendors [6]. A non-computer-assisted (manual) robot
selection entails a number of risks, one of which isthat the selected robot might not meet the task
requirements; even if it does, it might not be the optimal or the most economical one.
Mathematical modeling techniques, such as integer programming, are rather awkward and
inflexible in tackling this problem. The reason for this is that the robot selection processisan ill-
structured and complex one, involving not only production and engineering analysis, but also
cost/benefit analysis and even vendor analysis. Itsill-structured nature does not readily lend itself
to tractable mathematical modeling. Therefore, nontraditional approaches, such as expert systems
(ES) or artificial neural networks (ANN), seem intuitively appealing tools in these circumstances.

When the decision maker (DM) is charged with making the selection decision, he or sheis being
called upon to play three roles at the same time, namely (1) financial analyst, (2) robotics expert,
and (3) production manager. In other words, the decision maker would need to make three differ-
ent (albeit related) decisions: (1) choosing the best robots that match the task requirements at
hand, (2) choosing the most cost effective one(s) from those that meet the requirements, and (3)
deciding from which vendor to order the robot(s). We shall call these decisions technical,
economic, and acquisitional, respectively. Clearly, these are very complex decisions all to be
made by the same decision maker. Supporting these decisions (e.g., by a knowledge-based
system) should alleviate the burden from the decision maker and bring some consistency and
confidence in the overall selection process. The success of the ES technology in a wide range of
application domains and problem areas has inspired its use as a vehicle for automating decisions
in production and operations management [1, 19], aswell as the robot selection decision [16, 17].
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In this paper, a three-stage model is presented for the robot selection process. The model is
comprehensive enough to include the major and critical aspects of the selection decision. It is
implemented in a CL1PS-based prototype expert system. The rest of the paper is organized asfol-
lows. In the following section, we review previous work and, in the third section, we present our
three-stage model to robot selection. In the fourth section, the implementation of the prototype
expert system is discussed. Limitations of, and extensions to the prototype expert system with
database management (DBMS) capabilities are provided in section five. We conclude the paper
in section six.

MOTIVATION AND RELATED WORK

The application of knowledge-based systems in production and operations management has been
investigated by a number of researchers[1]. In particular, the application of ES in quality control
[3], in job shop scheduling [18, 19], and industrial equipment selection [11, 20] has been
reported in the literature. The robot selection problem is prominent in thisline of research [8, 15,

17].

In an earlier paper by Knott and Getto [9], an economic model was presented for evaluating
aternative robot systems under uncertainty. The authors used the present value concept to
determine the relative worthiness of alternative robot configurations. Offodile, et al. [14, 15]
discuss the development of a computer-aided robot selection system. The authors developed a
coding and classification scheme for coding and storing robot characteristics in a database. The
classification system would then aid the selection of the robot(s) that can perform the desired
task. Economic modeling can then be used to choose the most cost-effective of those selected
robots. Other related work includes Offodile et al. [16], Pham and Tacgin [17], and Wang, et al.
[21].

A review of the above literature indicates that these models are deficient in at least one of the fol-
lowing measures:

e Completeness. We suggested earlier that the robot selection problem involves three
related decisions. The models presented in the literature deal invariably with at most two
of these decisions. The other aspects of the selection decision are thus implicitly
assumed to be unimportant for the robot selection problem. Experience suggests that this
is not the case, however.

»  Generality: the models presented are restricted to specific production functions, e.g.,
assembly. Many of today’s production functions are not monolithic but rather a
collection of integrated functions, i.e., welding, assembly, painting, etc. In particular,
industrial robots are by design multi-functional and a selection model should be robust
enough to evaluate them for several tasks.

* Focus. The focus in the literature is often more on robot characteristics (robot-centered
approach) than on the task the robot is supposed to perform (task-centered approach).
We posit that task characteristics should be the primary focus in determining which
robot to choose, not the converse.

We propose a three-stage model that captures the overall robot selection process, with primary
emphasis being given to the characteristics and requirements of the task at hand. The proposed
task-centered model is comprehensive in the sense that it covers the robot selection problem from
the task identification, through robot selection, to vendor selection and, possibly, order
placement. The model is also general in the sense that it applies to a wider range of industrial
robot applications. While this selection model is different from previous approaches, it
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incorporates in a systematic manner all the critical decisions in any sound robot selection
process. The sequential order of these decisions, and the related phases, is important from a
logical as well as an efficiency standpoints. We cannot, for example, separate the technical
decision from the economic decision, for a robot that is technically well suited to do the job
might not be economical; and vice versa. We shall present our model in the following section
and in the subsequent sections discuss its implementation in a knowledge-based system.

A THREE-STAGE MODEL FOR ROBOT SELECTION

Figure 1 depicts the three-stage robot section scheme proposed in this paper. We present a
general discussion of the scheme in the subsequent subsections.

*  Technical decision: Thisis the first and the most critical decision to be made. It is the
formal selection of one or more candidate robots that satisfy the minimum requirements
and characteristics of the task to be performed. It is technical in the sense that it would
normally be made by the production or process engineer upon a careful analysis of the
technical characteristics of both the task and the robot. This decision is the most difficult
of the three. A thorough analysisisrequired to arrive at the initial set of feasible robots.

e Economic decision: Thisis a decision involving the economic merit of the robot. More
specifically, it is a decision about the most cost-effective robot alternative(s) considering
both initial cost (purchase price) and operating costs. The purpose of the initial and
operating costs is twofold: (1) to allow for arough justification for the robot, and (2) to
allow for a choice to be made among rival robots. Suppose, for example, that we had a
choice of two robots from Stage One (to be described shortly)—one which is adequate
for the task and costs within reasonable range; the other is more technologically
advanced but costs well beyond what is considered economical for the task in question.
Clearly the estimated cost of the latter would force us to choose the former robot.

e Acquisitional decision: This is simply deciding which vendor to acquire the robot(s)
from. The choice of avendor is based not only on purchase price, but also on service and
quality.

The following three stages implement the above decisions in a systematic manner.
Stage One: Technical Decision

The purpose of this first stage is to determine a (possibly set of) robot(s) that most closely
matches the task requirements. The starting point is the application area, or more specifically, the
task itself for which the robot is needed. Thus, we need to determine in this stage the following:

The application area, e.g., assembly, welding, painting, etc.
The task within the application area, e.g., small parts assembly.
The task requirements, e.g., precision, speed, load.

The robots that most fully satisfy these requirements.

Whether human workers can perform the task.

Whether to go with robots or humans, if 5 aboveistrue.

ok wWNE

| dentifying Application:
There is awide range of applications, across various industries, for which industrial robots may

be engaged. Both the application area and the narrow task within that application area should be
identified. Thus, within welding, for example, we would identify spot welding and arc welding.
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Identifying Task Characteristics:

This phase requires identification of al the task characteristics that influence the decision to
employ humans or robots, and the selection among alternative, technically feasible robots. These
characteristics will include, for example, the required degree of precision and accuracy; whether
it is too hazardous, dangerous, or difficult for humans, and whether significant increases in
productivity and/or cost savings would result.

Stage
Two

Stage
Three

Identify Application

Identify Task Characteristics

Stage Technical
One Decisions

Robot or Human

List of Robots

Rank Robots

Acquisition Cost Operations Cost Total Cost/Life Cycle Cost
| | Economic
Decisions
NPV Test?
List of Robots
Rank Vendors
|
Warranty Service Quality Weighted
LV Aquisitional
Decisions

Choose Most Favored

Selected Robot and Vendor

Figure 1. Three-Stage Robot Selection Model

26



A precise task definition might also require atask classification scheme, more fine-tuned than the
one suggested by Ayres and Miller [2]. Since the desired robot is a function of the complexities
of the task in question, we suggest the development of a task/robot grid (TRG) to associate
specific task characteristics with relevant robot attributes. Let Cj; denote value j of task
characteristic i, and A;; denote value  of robot attribute i, i=1, 2, ..., m; j=1, 2, ..., n. Here G is
said to be compatible with A;j, for particular values of i and j, if A; satisfies Cj;. For brevity, we
denote this relationship by Cj; T A;j. Thus specifying task characteristic Cj; would automatically
call for arobot attribute A;j such that A;j at least satisfies the task requirement Cj, T i].

Stage Two: Economic Decision

This stage can be called a cost justification stage. It utilizes the output from the first stage, which
isone or more robots suited to the task at hand. The primary role of this stage is the identification
of those robots that make economic sense to invest in; a present value approach is followed by
the knowledge-based system to exclude all robots with net present value (NPV) less than their
net cost (i.e., purchase price and operating costs). A ranking on the basis of the cost factor isthen
applied to the remaining robots, if any, i.e., to those passing the economic viability test. Thus, net
present value analysis is used to determine whether it is profitable to employ any robot, given its
net cost and the economic benefits (e.g., incremental cash flows) expected to accrue as aresult of
employing the robot to perform the task.

By the end of Stage Two we will have identified a subset of robots that are the most favorable in
terms of performance as well as cost. Since a large number of vendors may be available, it is
important to be able to get the “best” deal possible. This implies not only a good competitive
price, but also acceptable quality, warranties, and a promise of support services.

Stage Three: Acquisitional Decision

In Stage three we have to rank, for every vendor, every robot that meets the choice criteria in
Stages 1 and 2. The factors that are involved in these rankings are many. For example, Hunt [6]
indicates that a certain study revealed the following factors as critical in the purchasing decisions
of robots. design, performance, cost, maintenance, warranties, financial terms, and delivery
terms. These can conveniently be grouped into four categories: (1) cost (purchase price and
operating costs), (2) warranties, (3) quality (performance and design), and (4) service (support,
financial and delivery terms). Maintenance is part of operating cost which is accounted for in
Stage Two. Quality, services, warranties, and purchase price are the relevant factors in vendor
selection. Purchase price has also played a role in the economic decision to determine the
viability of each robot. Here, prices are used to compare vendors and rank robots accordingly.
Therefore, for each vendor we rank the relevant robots on the basis of purchase price and the
other three criteria (quality, warranties, services) and choose the most favorable vendor/robot
combination.

THE KNOWLEDGE-BASED SYSTEM

We implemented the prototype knowledge-based system using the CLIPS expert system tool
[12]. CLIPS is aforward-chaining rule-based language that resembles OPS5 and ART, two other
widely known expert system tools [5]. Developed by NASA, CLIPS has shown an increasing
popularity and acceptance by end users [10]. The two main components of this prototype, the
knowledge base and the database, are discussed below.
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The Knowledge Base

The primary focus of the selection model is the task characteristics, since it is these
characteristics that determine what type of robot is needed. This emphasis is reflected in the
knowledge base (KB) (or rule base) which captures the knowledge about different task
requirements that are needed to justify the use of robots or humans and to specify a particular
matching robot or robots. Thus, given certain task characteristics or requirements, the expert
system will specify the most suitable robot configurations for performing the task.

The KB also includes knowledge about robot costs and how to manipulate these costs to justify
(economically) the use of the respective robots and rank those robots that are considered
justifiable. Thus, given operating and purchase costs for each robot, the expert system ranks them
on the combined cost criterion. Finally, the KB also includes knowledge to help vendor selection.
Subjective multiple criteria are used to compare vendors with associated robots of interest.

As arule-based shell, CLIPS stores the knowledge in rules, which are logic-based structures, as
shown in Figure 2. Figure 3 isanatural English counterpart of the rulein Figure 2.

; Rule No 29.
(Defrul e find-robots-3rd-pass “Technical Features”
?f <- (robot-2 ?robot)
(Features (Accuracy ?v11l)
(Repeat ?v12)
(Velocity ?v13)
(Payl oad ?v14)

(Robot (1D ?robot)
(Accuracy ?v21& (<= ?v21 ?v1l))
(Repeat ?v22& (<= ?v22 ?v12))
(Velocity ?v23& (<= ?v23 ?v13))
(Payl oad ?v24& (<= ?v24 ?vl4))

)

=>

(retract 2f)

(assert (robot-3 ?robot)

Figure 2. Example Rulein CLIPS

Rul e No 29: Finds robots matching given technica
f eat ures.

I F There is a robot for the application with the
required grippers,

AND This robot neets (at a mininun) the follow ng
techni cal features: Accuracy, Repeatability,
Vel ocity, and Payl oad as specified by user

THEN Add this robot to the set of currently feasible
r obot s.

Figure 3. Example Rule in Natural English
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The Database

The database is a critical resource for the ES; all details for robot configurations are contained in
the database. The type of information stored for each robot includes:

Robot class or model
Performance characteristics
Physical attributes

Power characteristics

A full-fledged system would include the following additional information to permit proper
comparisons among competing robots.

*  Environment requirements
*  Genera characteristics
e Operating costs

Figure 4 shows the information stored in the database for atypical robot using CLIPS syntax. As
the figure indicates, each robot has a set of physical and performance characteristics (e.g., type of
end effectors, number of axes, repeatability, etc.) and a set of application tasks within its capabil -
ity. All of thisinformation (and more) is supplied by robot vendors.

(Robot (1D RT001)
(Control S2)
(Power E)
(Axes 6)
(Accuracy . 2)
(Repeat .05)
(Vel ocity 145)
(Payl oad 6)
(Effectors adjust-jaw)
(Jobs ML PT SA EAIN)
(Vendor “IBM Corp.")

)

(Vendor (1D VDO01)
(Narmre “1BM Corp.")
(Robot-1nfo RTO01 28500)
(Service .95)
(Warranty . 8)

(Quality .83)

)
Figure 4. “Facts’ Stored as Framesin a CLIPS Database

Also contained in the database are vendor attributes such as service record, warranties, quality,
robots carried and purchase prices (see Figure 3). The first three attributes are represented in the
database by subjective scores (ratings), on ascale of 0to 10. A “0” may indicate, for example, an
F rating, “10” an A++ rating. Thisinformation could come from industry analysts and expertsin
the robotics industry.

29



[llustration

In this section we shall provide the results of a consultation with the prototype expert system
using actual robotics data obtained from Fisher [4]. The first step in Stage One is to describe the
application. For lack of space, we skip the dialogue that allows the decision maker to describe the
task and its suitability for robots or human workers. On the basis of the information provided in
that dialogue advice will be given as to the choice between arobot solution or human workers for
the task.

Next, in Stage Two, economic analysisis performed, using information elicited through a similar
dialogue as in Stage one, to determine the economic merit of each robot passing the technical
test. This involves calculating a net present value (NPV) for the net incremental benefits
resulting from employing robotics in the task under consideration. The NPV is then compared to
the net cost (price plus operating cost) of each robot, and only robots whose net cost is less than
or equal to the NPV are chosen. If no robot is found to meet this test, the system offers two
reasons for the failure:

1. that thetask isnot worth the required investments in robots, or
2. that the database includes insufficient number of robots.

In the last stage, Stage Three, the system €licits subjective input from the decision maker
regarding the importance of vendor attributes, such as service or warranties. Again, the rating is
on ascale of 0to 10; “0” indicates unimportant and “10” maximally important. This information
is then used to compute a subjective score for each vendor, by weighting the analyst’s ratings of
each vendor with the input from the decision maker. Now, robots can be ranked by both price
and vendor weighted score. Figure 5 shows the final results of this consultation.

I ndi cate the inportance of each of the foll ow ng,
on a scale fromO to 10:
1. Vendor service quality :7
2. Vendor warranties :8
3. Product quality :9
4. Price :6

Rank by Subjective score (S) or by Price (P)? p

Robot | ndex Vendor Nane Price Score
RT005 ASEA, Inc. $60000 17
RTOO07 Bendi x $70000 13
RTO11 Cincinnati M acron $90000 17
RT006 Aut omati x, |nc. $95000 18
RT008 Bendi x $95000 13
RT016 Kuka $125000 13

The net present val ue of cashfl ows: $129036. 6

Figure 5. Subjective Vaues and Final Results
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LIMITATIONS AND EXTENSIONS

The description of the task as allowed by the current prototype provides only a broad definition
of the nature of the task to be performed; it does not provide specific details or “tolerances.” For
example, to increase the chances of a match, the user may be tempted to supply larger (less
tighter) values for positional accuracy and repeatability. However, this may result in a large
number of robots being selected and the prototype system allows ranking only through price and
vendor attributes. To rank robots for each and every attribute, however, would probably be both
unwieldy and unrealistic.

Moreover, a knowledge-based robot selection system should provide a friendly interface that
allows the decision maker to input English phrases to describe a particular application; the
system would then use the task definition thus provided by the user to suggest applicable
robot(s). Therefore, the crucia task of the knowledge-based system would be to make sense out
of the English phrases supplied by the decision maker to describe the task. This implies that the
knowledge-based system would have to have some natural language processing capability to
properly associate the task description with meanings represented in the knowledge base. This,
then, would pave the way for processing the applicable knowledge to reach a choice of a set of
robots.

Additionally, as mentioned earlier, the database component of the expert system needs to store a
wealth of information about a wide range of robots and vendors. This information can be not
only very detailed, but volatile as well, as the robot technology advances and as competition
among vendor produces changes in vendor profiles. What all this amounts to is that the expert
system needs to be able to survive the test of time and handle this voluminous data in a graceful
manner. Current expert systems exhibit elementary data management capabilities which are
inadequate for this inherently complex database. As Jarke and Vassiliou [7] indicate, a
generalized Database Management System (DBMYS) integrated in the ES may be necessary to
deal with this database effectively. These authors sketch out four ways to extend expert systems
with DBMS capabilities, not all of which are relevant in any given circumstances.

CONCLUSION

We presented in this paper a robot selection model based on a three-stage selection process; each
stage feeds its output into the next stage until a final robot/vendor combination is selected. We
implemented this model in a prototype knowledge-based system using the CLIPS expert system
language. The prototype indicated that a full fledged expert system will be practical and can be
extremely useful in providing a consistent and credible robot sel ection approach.

Further work is needed to improve the granularity and natural language processing capability of

the system. Also needed is research into possibilities of extending the database management

capabilities of the robot selection system by coupling it with a database management system.
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ABSTRACT

The growing demand for intelligent information systems requires closer coupling of rule-based
reasoning engines, such as CLIPS, with advanced Data Base Management Systems (DBMYS). For
instance, severa commercial DBMSs now support the notion of triggers that monitor events and
transactions occurring in the database and fire induced actions, which perform a variety of
critical functions, including safeguarding the integrity of data, monitoring access, and recording
volatile information needed by administrators, analysts and expert systems to perform assorted
tasks; examples of these tasks include security enforcement, market studies, knowledge
discovery and link analysis. At UCLA, we designed and implemented the Event Pattern
Language (EPL) which is capable of detecting and acting upon complex patterns of events which
are temporally related to each other. For instance, a plant manager should be notified when a
certain pattern of overheating repeats itself over time in a chemical process; likewise, proper
notification is required when a suspicious sequence of bank transactions is executed within a
certain time limit.

The EPL prototype is built in CLIPS to operate on top of Sybase, a commercia relational
DBMS, where actions can be triggered by events such as simple database updates, insertions and
deletions. The rule-based syntax of EPL alows the sequences of goalsin rulesto be interpreted
as sequences of temporal events, each goa can correspond to either (i) a smple event, or (ii) a
(possibly negated) event/condition predicate, or (iii) a complex event defined as the digunction
and repetition of other events. Various extensions have been added to CLIPS in order to tailor the
interface with Sybase and its open client/server architecture.

INTRODUCTION

A growing demand for information systems that support enterprise integration, scientific and
multimedia applications has produced a need for more advanced database systems and
environments. In particular, active rule-based environments are needed to support operations
such as data acquisition, validation, ingestion, distribution, auditing and management —both for
raw data and derivative products. The commercial DBMS world has sensed this trend and the
more aggressive vendors are moving to provide useful extensions such as triggers and open
servers. These extensions, however, remain limited with respect to functionality, usability and
portability; thus, there remains a need for an enterprise to procure a database environment that is
(1) more complete and powerful, and thus supports those facilities not provided by vendors, and
(2) is more independent from specific vendor products and their releases and helps the enterprise
to manage their IMS and cope with multiple vendors, data heterogeneity and distribution.

A particularly severe drawback of current DBMS istheir inability of detecting patterns of events,
where an event is any of the possible database operation allowed by the system; typicaly they
are: insertion, deletion and updating. Depending on the application, sequences of events

1 This work was done under contract with Hughes Aircraft Corporation, Los Angeles, California
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temporally related to each other, might be of interest for the user. In addition to basic database
events, management of long transactions and deferred actions may be involved in such patterns.
Practical examples of such meaningful patterns of events are:

Temperature which goes down for three consecutive days,

2 day delayed deposit for out-of -state checks;

30 days of inactivity on abank account;

IBM shares increased value consecutively within the last week;

Big withdrawal from a certain account followed by a deposit for the same amount on
another account.

These and similar situations may require either a certain action to take place (e.g.: buy IBM
shares) or a warning message to be issued (e.g.: huge transfer of money is taking place.) EPL
gives the user the ability to handle such situations.

The purpose of this paper is to propose a rule-based language and system architecture for data
ingestion. The first part of this paper describes the language, then the system architecture is
discussed.

EPL DESCRIPTION

An EPL program consists of several named modules; modules can be compiled, and enabled
independently. The head of each such module defines an universe of basic events of interest,
which will be monitored by the EPL module. The basic events being monitored can be of the
following three types:

i nsert (Rnane), del ete(Rnane), update(Rnane)
where Rname is the name of a database relation.

A module body consists of one or more rules having the basic form:

event-condition-1list
®
action-1list

The left hand side of the rule describes a certain pattern of events. When such a pattern
successfully matches with events taking place in the database the set of actions listed in the right
hand side are executed.

For instance, assume that we have a database relation describing bank accounts whose schemais:
ACC(Accno,Balance). We want to monitor the deposits of funds in excess of more than
$100,000 into account 00201. In EPL, this can be done as follows:

begi n Account Moni t or
noni t or updat e( ACC), del ete(ACC), insert(ACO;

updat e( ACC( X)),
X. ol d_Accno = 00201,

36



X. new_Accno = 00201,
X. ol d_Bal ance - X new_Bal ance > 100000
->
wite( "suspect withdraw at %", X evtine)
end Accont Moni tor.

The lines “begin AccountMonitor” and “end AccountMonitor” delimit the module. Several rules
may be defined within a module (also refereed as “monitor”.) The second line in the example
define the universe for the module, in this case any update, delete and insert on the ACC table
will be monitored by this module. Then the rule definition comes. Basically this rule will be fired
by an update on the ACC table, The variable X denotes the tuple being updated. The EPL system
makes available to the programmer both the new and the old attribute values of X, these are
respectively refereed by means of prefixes “new_” and “old_". An additional attribute, namely
“evtime’, isavailable. This contains the time when the specific event occurred.

In the previous rule, the event-condition list consists of one event and three conditions. The
action list contains a single write statements. In general one or more actions are allowed, these
actions are printing statements, execution of SQL statements, and operating system calls.

The previous rule can also be written in a form that combines an event and its qualifying
conditions, that is:

updat e( ACC( X) ,
X. ol d_Accno 00201,
X. new_Accno 00201,
X. ol d_Bal ance - X. new_bal ance > 100000)
->
wite("suspect withdraw at %", X evtine)

In this second version, the extent of parentheses stresses the fact that conditions can be viewed as
part of the qualification of an event. A basic event followed by some conditions will be caled a
qualified event.

The primitives to monitor sequences of events provided by EPL are significantly more powerful
than those provided by current database systems. Thus, monitoring transfers from account 00201
to another account, say 00222, can be expressed in a EPL module as follows:

updat e( ACC(X), X. old_Accno = 00201,
X. ol d_Bal ance - X. new_Bal ance > 100000)
updat e(ACC (Y), Y.old_Accno = 00222,
X. ol d_Bal ance - X new Bal ance = Y. new Bal ance - Y. ol d_Bal ance)
->
write("suspect transfer")

Thus, the succession of two events, one taking a sum of money larger than $100.000 out of
account 00201 and the other depositing the same sum into 00222, triggers the printing of a

warning message.

For this two-event rule to fire, the deposit event must follow immediately the withdraw event.
(Using the concept of composite events described later, it will also be possible to specify events
that need not immediately follow each other.)

The notion of immediate following is defined with respect to the universe of events being
monitored in the module. Monitored events are arranged in atemporal sequence (a history). The
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notion of universe is also needed to define the negation of b, written !'b, where b stands for a
basic event pattern. An event el satisfies b if el satisfies some basic event that is not b.

We now turn to the second kind of event patterns supported by EPL: clock events. Each clock
event is viewed as occurring immediately following the event with the time-stamp closest to it.
But aclock event occurring at the same time as a basic event is considered to follow that basic
event. For example, say that our bank make funds available only after two days from the deposit
of a check. This might be accomplished as follows:

i nsert( deposit( Y), Y.type = "check"),
clock( Y.evtime + 2D)
->

action to update balance ...
wite( "credit % to account # %", Y.anount, Y.account).

In this rule the “clock” event makes the rule waiting for two days after the check deposit took
place.

The EPL system assumes that there is some internal representation of time, and makes available
to the user away to represent constant values expressing time. In particular, any constant number
can be followed by one of the following characters. 'S, 'M', 'H', 'D', which stand, respectively, for
seconds, minutes, hours and days. In the previous example the constant 2D stands for two days.
A value for timeis built as the sum of functions that map days, hours, minutes and seconds to an
internal representation. Thus 2D+24H+61M will map to the same value of time as 3D+ 1H+1M.
Thus, EPL rules are not dependent on the internal clock representation chosen by the system.
Observe that a clock can only take a constant argument —i.e., a constant, or an expression which
evaluates to a constant of type time.

Patterns specifying (i) basic events, (ii) qualified events, (iii) the negations of these, and (iv)
clock events are called simple event patterns. Simple patterns can always be decided being true
or false on the basis of a single event. Composite event patterns are instead those that can be only
satisfied by two or more events. Composite event patterns are inductively defined as follows. Let
{p1, P2, ---» Pn}, N>1 be event patterns (either composite or simple.) Then the following are also
composite event patterns:

1. (P, P2 -.., Pn) - @sequence consisting of p;, immediately followed by p,, ..., immediately
followed by p,.

2. n:p,: asequence of n>0 consecutive p;'s.

3. *:p;:asequence of zero or more consecutive p;'s.

4. [p11 p2| Ty pn] : (pl! *:!pZ! p21 ey *:!pn) pn)

5. {pw P2 ---, Pn} denotesthat at least one of the p; must be satisfied for (L £1 £ n).
Using the composite patterns we can model complex patterns of events. For instance, we can be
interested to “the first sunny day after at least three consecutive raining days.” Assuming that we
have a“weather” table which is updated every day (the “type” attribute contains the weather type
for the specific day.) Our rule will be:

[ (3:insert( weather(X), X.type = ‘rain’)),
insert( weather(Y), Y.type = ‘sun’)]
->
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write("hurrah, eventually sun on %\n", Y.evtine).

This rule fires even though between the three raining days and the sunny one there are days
whose wesather type is different from “rain”. In case we are interested to “the first sunny day
immediately following three or more raining days,” we should rewrite the rule as:

(3:insert( weather(X), X type ‘rain’),
*:insert( weather(2z2), Z type ‘rain’),
insert( weather(Y), Y.type = ‘sun’))
->
write("hurrah, eventually sun on %\n", Y.evtine).

Note the different use of the relaxed sequence operator “[...]" in the first case and the immediate
sequence one “(...)" in the second rule. By combination of the available composite operators,
EPL can express very complex patterns of events.

EPL ARCHITECTURE

EPL’s architecture combines CLIPS with a DBMS that supports the active rule paradigm. The
current prototype runs on Sybase [3] and Postgres [10] — but porting to other active RDBMS [6,
8] israther straightforward.

Sybase rule system presents some drawbacks like:
Only one trigger is allowed on each table for each possible event;
Thetrigger firesimmediately after the data modification takes place;

Trigger execution is set oriented, which means the triggers are executed only once
regardless the number of tuplesinvolved in the transaction;

Only SQL statements are allowed as actions.

EPL tries to both overcome to such limitations and allow the user to model patterns of
meaningful events.

Event Monitoring Mechanism

For each event which needs to be monitored by an EPL rule atrigger and atable (also referred as
Event monitor Relation, ER) have to be created on Sybase. The trigger fires on the event which
can be either an insert, delete or, update. This trigger will copy the modified tuple(s) into the
corresponding ER.

As an example, say that we want to monitor the insertion on the ACC relation previousy
defined. As soon as the EPL monitor is loaded into the system the fact (universe acc_mon i acc),
will be asserted into the CLIPS working memory. This new fact triggers a CLIPS rule which
creates a new Sybase relation called “ERacc_ins’ having the following schema: (int accno, int
balance, int evtime). Moreover, a Sybase trigger is created by sending the following command
from CLIPS to Sybase:

create trigger ETacc_ins on acc for insert as

begi n
declare @ int
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select @ = datediff( second, '16:00:00:000 12/31/1969', getdate())
insert ERacc_ins select distinct *, @ frominserted
end
The event time is computed as the number of seconds since the 4pm of 12/31/1969. This is a
standard way to represent time on UNIX systems. Any ER name starts with the prefix “ER”

followed by both the monitored table name and the type of event. The correspondent trigger has
“ET” as prefix.

As later explained, the module EPL-Querier performs the communication between CLIPS and
Sybase.

EPL rules as finite-state machines
As previously discussed, any EPL rule is modeled by a finite state automaton which is

implemented by a set of CLIPS rules. Transitions between automaton states take place when the
following conditions occur:

anew incoming event satisfies the current pattern;
apending clock request reaches its time;
apredicate is satisfied.
On atransition the automaton can take one of the following actions:

Move to the next Acceptance state where it will wait for the next event;

Move to a Fail state. Here, the automaton instantiation, with relative information, is
removed from the memory;

Move to a Success state. Here, the actions specified in the right hand side of the rule are
executed.

Each EPL rule is transformed to a set of CLIPS rules which implement its finite state machine.
Several instantiations of the same EPL rule can be active at the same time.

Architecture overview

EPL is basically built on top of CLIPS in two ways: 1) Some new functions, implemented in C,
have been added to CLIPS in order to support EPL; 2) CLIPS programs have been written to
implement the EPL rule execution system. Figure 1 depicts the entire EPL system.

EPL
EPL
EPL EPL source
Querier Conpi | er code
SQL
Commands SQL Conmands CLIPS rul es
SYBASE CLI PS
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Tabl es

CLI PS
Fact s
EPL EPL
Pol I'i ng User User
Interface
EPL Denons

Figure 1. EPL Architecture

EPL-Compiler is a rule trandator, it takes an EPL program as input and produces a set of
CLIPS rules which implement the EPL program. EPL -Palling, at regular intervals, transfers the
ERs from Sybase to the CLIPS working memory. This process requires some data type
conversion in order to accommodate Sybase tuples as CLIPS facts. The EPL-Querier sends
SQL commands to Sybase server when either (1) Sybase triggers or ERs have to be created (or
removed) or when (2) an SQL command is invoked on the action side of an EPL rule. The EPL -
User -1 nter face accepts commands from the user and produces output to either the screen or a
file. At low level, EPL commands are executed by asserting a fact in the CLIPS working
memory. Such an assertion triggers a rule which executes the desired command. This loose
coupling allows an easy design of the user interface whose only task is to insert a new fact
depending on the user action.

EPL-Demonsis a CLIPS program which implements the EPL rule execution system. Basically
this set of CLIPS rules monitors the entire EPL execution. The EPL demons, together with the
CLIPS rules produced by the EPL-compiler, form the entire CLIPS program under normal
execution time. The CLIPS facts on which these rules work are those periodically produced by
the EPL-Polling, and those asserted by the EPL user interface as a consequence of user actions.

CONCLUSIONS

This document has described the design and the architecture of EPL, a system which provides
sophisticate event pattern monitoring and triggering facilities on top of commercia active
databases, such as SYBASE. EPL implementation is based on CLIPS and the design of an
interface between SYBASE and CLIPS represented one of the most critical tasks in building
EPL. EPL rules are trandated into a set of CLIPS rules which implement the finite state machine
needed to execute such EPL rules.

This paper provided an overview of the language definition and a brief description of the system
implementation neglecting various implementation details for lack of space.

Future work is required to provide language extensions and interfacing with other active database
systems.
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EMBEDDING CLIPS INTO C++
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This paper describes a set of extensions to CLIPS that achieve a new level of embeddability with
C++. These extensions are the include construct and the defcontainer construct.

The include construct, (include <c++-header-file.h>), allows C++ functions to be embedded in
both the LHS and RHS of CLIPS rules. The defcontainer construct, (defcontainer <c++-type>),
allows the inference engine to treat C++ class instances as CLIPS deftemplate facts.

The header file in an include construct is precisely the same header file the programmer uses for
his own C++ code, independent of CLIPS. Consequently, existing C++ class libraries may be
transparently imported into CLIPS. These C++ types may use advanced features like inherience,
virtual functions and templates.

The implementation has been tested with several class libraries including Rogue Wave
Software’ s Tools.h++, GNU’ s libg++, and USL 's C++ Standard Components.
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ABSTRACT

The current DBMSs do not provide a sophisticated environment to develop rule based expert
system applications. Some of the new DBMSs come along with some sort of rule mechanism,
these are active and deductive database systems. However, both of these are not featured enough
to support full implementation based on rules. On the other hand, current expert system shells do
not provide any link with external databases. That is, al the data are kept into the system
working memory. Such working memory is maintained in main memory. For some applications
the reduced size of the available working memory could represent a constraint for the
development. Typically these are applications which require reasoning on huge amounts of data.
All these data do not fit into the computer main memory. Moreover, in some cases these data can
be already available in some database systems and continuously updated while the expert system
iSrunning.

This paper proposes an architecture which employs knowledge discovering techniques to reduce
the amount of data to be stored in the main memory, in this architecture a standard DBMS is
coupled with a rule-based language. The data are stored into the DBMS. An interface between
the two systems is responsible for inducing knowledge from the set of relations. Such induced
knowledge is then transferred to the rule-based language working memory.

INTRODUCTION

Current trends in database research area are about making smarter and more friendly current
DBMS. Traditionally, a DBMS is mostly a repository of information to be later retrieved by an
ad-hoc query language. If some data are currently unavailable in the system, or the query is not
properly issued, the system can return either an error or a non-answer. Thisis not really the case
when a specific question is asked to a human expert, in this case the expert digs in his or her
memory looking for an answer, if no proper answer is found the expert perhaps starts looking for
aternative, and approximate, responses. Actually, the expert uses his or her knowledge in a sort
of “cooperative way” trying to make the user as more satisfied as possible. To answer such a
guery the expert employs his or her knowledge in a much more productive way than performing
a simple linear scan over the known set of tuples in his or her mind: meta-knowledge was
fruitfully employed in order to formulate the answer.

In an artificial system such meta-knowledge can be known a priori (read: Tied up to the system
at database design time) or induced by an aready available set of relations. The purpose of
induced knowledge [3, 15] is to describe the current state of the database by means of sets of
rules; a rule induction algorithm is responsible to discover such induced knowledge. Basicaly,
induced rules are oriented to summarize the way the different attributes are related to each other.
Artificial reasoning can be built on top of this meta-knowledge.

This paper proposes an architecture which integrates two public domain systems, namely
Postgres and CLIPS, into a unique environment. The proposed architecture offers a shell for
developing expert systems able to work on large amounts of data. Database relations are stored
on Postgres while the artificial expert isimplemented on top of CLIPS. The artificial expert can
specialize the rule induction algorithm in order to focus the induction only on the necessary data.
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Postgres comes along with a rule system to implement active database features. By the way,
implementing an expert system using only Postgres has some drawbacks. The Postgres rule
mechanism has been designed for triggering over updates on the database. We always need to
perform a secondary storage update in order to fire a Postgres rule. This can be too expensive in
many cases when a little fact stored in main memory can perform the same task. Moreover, the
rule system in Postgres does not implement all the facilities of a specia purpose rule-based
language such CLIPS.

On the other side CLIPS does not provide any access to an external database. This can cause
serious limitations in designing expert systems reasoning on large amounts of data stored on a
database.

CURRENT SYSTEMS

Latest developments in databases are oriented to enrich traditional systems with some sort of
rule-based mechanism. Novel additional features are so added to traditional DBM S by means of
rules. New classes of systems have appeared on the market, they are: Active [6, 7, 14] and
Deductive [8, 10, 11] databases. The following sections give some details about these new
systems. The suitability of those as expert system shell is also investigated. Advantages and
drawbacks for each system are drawn. Also, the limitations of current rule-based languages as
developing shell for expert system oriented to reason on large amounts of data are discussed.

Active Database

More and more active database systems are everyday appearing on the market. The transition of
such system from research stages to the market was fast. They materialized in systems like
Sybase [7], Postgres [13], Starburst [6], and more. However, the active feature of databases is
still under investigation. Additional research still needs to be done.

The active feature extends the traditional systems with a rule-based mechanism oriented to allow
implementation of demons. The purpose of these demons is basically to overview operations on
the database and, when certain conditions are satisfied, invoke a corrective action over the
database. The system can so be extended with sort of animated entities; data integrity can be
enforced by means of activerules.

Typically an active rule has the following format:

on <event>
if <condition>
t hen <action>

Thisrule model is also referred as E-C-A (Event-Condition-Action) rule. Simpler rule model can
utilize an E-A pattern. event is one of the possible operations oriented to tuple handling; typical
events are: insert, delete, update or, retrieve. The specified condition is a condition which
should hold on the data involved in the current event in order to fire the rule. action is the set of
actions that take place when the specified condition is satisfied.

In the following a Postgres rule is reported as example of active rule (copied from [12]):

define rule rl is
on replace to EMP. sal ary
where current.nane = ‘ Joe’
do replace EMP (sal ary = new. sal ary)
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where EMP. nane = ‘ Sami

Rule r1 will fire every time the salary of Joe is updated. For such update the salary of Sam will
be set to the same value of the new salary of Joe. In other words, Sam will aways get the same
salary of Joe. Note that the inverse is not true, the same rule will not take care to update Joe's
salary when Sam's salary is replaced by some new value.

Evaluation of database active feature is based upon (1) the domains of possible events which can
be monitored; (2) the formalism to specify the condition; (3) the language to execute actions.
Other features, like rule execution model, have also to be considered for a sound evaluation.
Postgres [13], is actually one of the most advanced active databases currently available.

Active database systems present some drawbacks as expert system shells. The most significant
ones are hereafter listed:

Firing only upon database events, no “Working memory” is available. All the data are
kept in the secondary memory storage. Main memory usage might, in severa cases, be
preferable to a secondary memory one.

The language to specify actions is usually restricted to the database domain. Typical
rule-based languages allow on the right-hand side complex operations (print, while loop,
user inputs, etc.) to be performed.

Not well defined rule execution model is available.

Other criticisms to these systems are about the rule redundancy required in some cases. A set of
sort of complementary rules might be defined in order to ensure some data integrity. For
instance, let us suppose we want to make sure that each employee works for one and only one
department. A set of rules needs to be defined in order to enforce this constraint: One will take
care when a new employee is hired, another when the employee is transferred, another when a
department is dropped, and so on. This is not realy the case of an equivalent rule-based
implementation where a single rule can handle all the cases. The different behavior between
active DBMS and RBL is actually based on different architectures. In an active database system
the rules are tied up to the database operations, so a trigger must be defined for each possible
operation on the interested data. In a rule-based system, rules are fired straight from the data in
the working memory. The operations which update the data are hidden to the triggered rules.
This model reduces the number of required rules. Moreover, the maintenance cost for a set of
rulesis of course higher than the one for asingle rule.

The previous considerations should convince the reader that implementing an expert system on
top of an active database is not a straightforward task; they lack the power for that purpose.

Deductive Databases

Another challenging and relatively new research direction in database area is about Deductive
databases. These systems are essentially based on a Prolog-like development language. Some of
these are LDL++ [10], NAIL! [9] and CORAL [11]. Here facts can be either stored on main
memory or secondary memory storage. However, in the author's opinion, deductive databases are
still not a a stable stage. Further investigation needs to be spent on those. This belief is aso
enforced from the lack of any commercia deductive database system on the market at the time of
thiswriting.
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Development of deductive databases raised several both theoretical and practical issues that are
still looking for answers. Research is still in progressin this direction.

Some of the most significant points of deductive systems are:
Prolog-like rule-based devel opment environment;
Recursive rule invocation allowed;

Easily definable virtual relations (views in database jargon);

Hybrid forward/backward chaining rule execution model. The method chosen depends
on the current task to be performed. It is chosen automatically by the system itself. The
user does not have any responsibility on that;

Restricted usage of negation. Only certain classes of negation (namely stratified) are
allowed. Basically, no negation on recursive calls can be used.

Ability of interfacing with already available DBMSs.

Deductive databases are definitively a proper environment for developing expert reasoning on
large amounts of knowledge. However, as already said, they still need some time before reaching
asteady stage.

Expert System Shells

Somewhat current expert systems shells present the opposite problem of the previously discussed
database systems. In this case al the facts are kept into the system working memory. No
connection with any external storage system is provided. This can be a constraint difficult to be
taken around when huge amount of knowledge is employed as basis for the reasoning. In this
case the main memory cannot be big enough to accommodate this large number of tuples. In
another possible scenario, reasoning has to be developed on data which are already stored on
some database systems. Perhaps these data are still evolving while the artificial reasoning is
performed. The only possible solution to this problem is represented by a periodic transfer of the
new updated data from the database to the expert system shell.

Current solutions to this problem are oriented to create an ad-hoc interface between an expert
system shell and a DBMS. Such solutions are often properly tailored for the application itself.
They do not provide a generic solution to the problem.

KNOWLEDGE INDUCTION ALGORITHM

The process of knowledge induction [2, 15] aims to build useful semantic data starting from the
available relations in a database. In this section, an overview of the knowledge induction
algorithm is given while keeping an eye open on our specific implementation.

Somehow the knowledge induction process aims to “capture” the semantics of the stored data
and model it by means of induced rules. Different forms of rule may exist, we are mainly
interested in rules which correlate two attributes between themselves. The correlation of interest
for us is the definition of a domain for the first attribute which identifies a unique value for the
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second attribute. We are interested to the range form which is: “if x; £ X £ X, then Y = y with
Probability P and Coverage C." The probability value expresses the certainty degree of the
given rule while the cover age refers to the number of tuples used to build such rule. Additional
details can be found in [15], [2] and [3]. Severa different forms and attributes can be combined
to express induced rules.

The set of induced rules represents part of the knowledge about the given databases. Storing
these rules most probably requires less space than the corresponding table format. Induced rules
have to change dynamically reflecting the database updates. Every update operation on the
database has to affect the set of induced rules accordingly.

In the proposed system induced rules are stored as CLIPS facts whose formis:
(i k <argl> <l ower Bound> <upper Bound> <ar g2> <val ue> <prob> <cover >)

The first atom is to classify the set of facts describing the induced knowledge. The remaining
atoms are the information about the specific induced rule. The set of al these facts forms the
induced knowledge. Semantics of most of the arguments is straightforward. prob is the
probability factor and cover is the number of tuples covered by the rule (look at [1] for a
complete description of these parameters.) For instance, the rule “if 62000 £ SALARY £ 85000
then TYPE = ‘“MANAGER' with Probability=0.6, Coverage=3" is stored in the following CLIPS
fact:

(i k SALARY 62000 85000 TYPE MANAGER 0.6 3)

As an example, let us suppose to have the following table, namely emp, in our Postgres database:

NAME TYPE SALARY
John STAFF 30000
Mary MANAGER 62000

Eva STAFF 32500
Bob MANAGER 85000

Mark MANAGER 76000
Judy MANAGER 83000

Kia STAFF 56000

Tom MANAGER 50000

Phil STAFF 54000
Tablel. EMP

By applying the induction algorithm on these tuples the set of CLIPS facts will be:

(i k enp. SALARY 62000 85000 enp. TYPE MANAGER 0.8 4)
(i k enp. SALARY 50000 50000 enp. TYPE MANAGER 0.2 1)
(i k enp. SALARY 30000 32500 enp. TYPE STAFF 0.5 2)
(i k enp. SALARY 54000 56000 enp. TYPE STAFF 0.5 2)

The induced rule schemais only afirst attempt which is used more as framework for this paper.
A real design should take into more consideration other parametersto be included in the schema.

The induced rules need to be dynamically updated reflecting operations performed over the
database. For instance, let us suppose the following new tupleisinserted into the system:
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Betty MANAGER 60000
The knowledge base has to be updated to the following set of facts:

(i k enp. SALARY 60000 85000 enp. TYPE MANAGER 0. 83 5)
(i k enp. SALARY 50000 50000 enp. TYPE MANAGER 0. 16 1)
(i k enp. SALARY 30000 32500 enp. TYPE STAFF 0.5 2)
(i k enp. SALARY 54000 56000 enp. TYPE STAFF 0.5 2)

The new tuple affected the values in the first fact, the lower bound, probability and coverage
values changed accordingly. Similar changes will take place in case of deletion or updating.

PROPOSED SYSTEM OVERVIEW

In the proposed system architecture, Postgres and CLIPS are being integrated. The interface
between them represents the key point for the design. An expert system can be developed on top
of CLIPS. This latter is extended with features to make available summarized data stored in
Postgres. From an expert system shell's point of view the new system can be seen as in the
following figure:

CLI PS (extended)
Post gres User

Postgres presence is actually hidden to the end-user. The application built on top of CLIPS takes
advantage of the meta-knowledge induced from the stored database. The expert system being
developed on CLIPS hasto be aware of the following:

Database schema;

Database statistics. number of tuples, number of induced rules, rule coverage, popularity,
probability, etc.

CLIPS has to be extended with dedicated constructs to inquire for such information. Depending
on both the database information and the application being implemented, the meta-knowledge
extraction process is properly tailored and executed. From CLIPS several actions can be taken in
order to model the induction agorithm to best fit the current application.

The knowledge induction process executes in a dynamic fashion, that is, once the rule schema
has been defined, any update on the monitored Postgres relations will be reflected on the induced
rules. The rule induction manager then propagates these induced rules to the CLIPS working
memory in the fact form previously discussed. Eventually, these facts trigger some CLIPS rules.

The interface between CLIPS and Postgres then can be defined by the following set of functions
available on the CLIPS side:

Inquire for the database schema;

Inquire for database statistics,
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New rule induction schema definition: R.X ® R,.Y, where R; and R, are relations
while X and Y are attributes;

Modify rule induction parameters (cut-off factor, etc.);
Retrieve current rule induction schema;

Remove induced rule;
The system extends the set of built-in CLIPS functions to include these new services.
DESIGN

The system will be presented to the expert system developer as a more featured shell which
includes ability to access summarized data. The key points of all design are essentially the
following:

Interface between CLIPS and Postgres,

Induced knowledge management.

The system architecture is the following:

| nduction

Manager
DBMS Post gres CLI PS ES
User User

WM

The Induction Manager is responsible for the communication between CLIPS and Postgres.
CLIPS utilizes services offered by this module to tailor the induction algorithm to its needs.
Responses from Postgres to CLIPS are also passed through the induction manager. The link
between Postgres and WM (the CLIPS working memory) stands for a straight access from
Postgres to CLI1PS working memory. That is, once the rule schema has been defined, updates on
Postgres will result in updates on the induced rules. These rules are then written straight to
CLIPS working memory without requiring the intervention of the induction manager. In other
words, the induction manager can be seen as a set of function to be invoked from CLIPS, while
the link from Postgres to WM represents an asynchronous flow of data toward CLIPS. Once the
rule induction schema has been defined, this flow of datawill be dynamically maintained, that is,
any update to any monitored Postgres relation can cause some rule induction instances updates,
these will be promptly propagated to CLIPS through this link. As better explained in the
following, actually the induction manager is scattered between Postgres and CLIPS. Some
Postgres triggers and CLIPS rules (together with some external Postgres procedures) form the
complete block.

The entire system works in a dynamic fashion. That is, at the same time the CLIPS application is

running people can keep on working on Postgres. Postgres updates affect the set of induced rules
on the CLIPS side. Such updates can trigger some CLIPS rules to execution. Under this light the
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entire system can be seen as an extension of the rule-based mechanism of Postgres. Some
Postgres rule activations eventually trigger some CLIPS rules.

CONCLUSIONS

This paper discussed the design of a system where expert shell techniques are combined together
with knowledge discovering techniques. Two public domain systems, namely CLIPS and
Postgres, have been combined into a unique one. Purpose of this design is to provide an expert
system shell with ability to reason over alarge amount of data. Current expert system shells lack
the ability of accessing data stored on external devices. On the other side database technology is
not yet well refined to provide a featuring shell to develop expert systems. Proper combinations
of these techniques may lead to interesting results.

The possible applications for such a system are those where reasoning on large volume of data
are required. For instance, think about the complexity of reasoning on the millions of customers
of a phone company or a frequent flyer program, in this case the complexity is due to the
enormous amount of data to reason on.
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ABSTRACT

Automating “paper” workflow processes with electronic forms and email can dramatically
improve the efficiency of those processes. However, applications that involve complex forms
that are used for a variety of purposes or that require numerous and varied approvals often
require additional software tools to ensure that 1) the electronic form is correctly and completely
filled out, and 2) the form is routed to the proper individuals and organizations for approval. The
Prototype Electronic Purchase Request (PEPR) system, which has been in pilot use at NASA
Ames Research Center since December 1993, seamlessly links a commercial electronic forms
package and a CL1PS-based knowledge system that first ensures that electronic forms are correct
and complete, and then generates an “electronic routing dlip” that is used to route the form to the
people who must sign it. The PEPR validation module is context-sensitive, and can apply
different validation rules at each step in the approva process. The PEPR system is form-
independent, and has been applied to several different types of forms. The system employs a
version of CLIPS that has been extended to support AppleScript, a recently-released scripting
language for the Macintosh. This “scriptability” provides both a transparent, flexible interface
between the two programs and a means by which a single copy of the knowledge base can be
utilized by numerous remote users.

INTRODUCTION

The Procurement Division a8 NASA Ames Research Center processes up to twenty thousand
purchase requests (PRs) every year. These PRs, which al use a common form, are used to
procure virtually anything used at the Center: computers, hazardous chemicals, office equipment,
scientific instruments, airplane parts, and even funding for external research projects. PRs can be
submitted by any civil servant employee at the Center, and must be approved by anywhere from
three to twenty different individuals and offices. The average time required to submit a PR and
obtain the necessary approvers signatures is eighteen business days. Worse yet, approximately
half of the PRs that are submitted are either incorrectly filled out, lack some required additional
paperwork, or are routed to the wrong group for approval and must be returned to the originator.
This not only delays procurement of the requested items but also burdens the system with a
significant amount of paper flowing in the “wrong direction”. In addition, the paper system lacks
any mechanism for tracking a submitted PR, so people who originate these purchase requests
often try to track them manually by picking up the telephone and calling around until they find
where the PR is in the approval process. This, along with the numerous “walk-though” PRs,
contribute significantly to the delays involved in processing the requests.
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In 1991, the Al Research Branch at NASA Ames undertook a “weekends and evenings’ effort to
see whether a knowledge-based system, in conjunction with other advanced computing tools,
could help expedite the process by which purchase requests are submitted, routed, and approved.
The resulting system, called the Prototype Electronic Purchase Request system (PEPR),
combines a commercia electronic forms package with a knowledge-based system that both
ensures that the submitted forms are correct and complete, and generates an electronic “routing
dip”, based on the content of various fields on the form, that reflects the approvals that particular
PR requires. The PEPR system currently operates in a Macintosh environment and takes
advantage of several new collaborative features of the latest release of the Macintosh OS,
including digital signatures and “OS-level” electronic mail.

The system is now being used by several different groups at Ames to process a particular class of
PR, namely those that apply to the funding of external research at colleges and universities.
Initial results indicate that the system can dramatically reduce the time required to originate and
process PRs and their supporting paperwork by ensuring that PRs entering the system are error-
free and automatically routing them to the proper individuals. The system aso provides a
tracking capability by which the originator of a PR can query the system about the status of a
particular PR and find out exactly whereit isin the approval process.
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Figure 1. An Example Purchase Request

Figure 1 shows an example PR. Because of its size and complexity, we have focused on the
Ames Purchase Request form for the development of the PEPR system. However, our
implementation is largely form-independent, and can be applied to other forms that require
“complex routing”. We have also applied the PEPR system to approximately six other types of

forms and are actively pursuing other potential applications of the system both inside and outside
of NASA Ames.
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WHY AI?

The knowledge-based component of the PEPR system utilizes a fairly straightforward rule- and
object-based mechanism to provide its validation and routing capabilities (although we are
investigating machine learning techniques to ease the knowledge-acquisition problem -- see the
section entitled Future Plans, below). There are two main reasons that a knowledge-based
approach is appropriate to the problem of validation and routing of electronic forms.

First, the knowledge required to ensure the PR’s correctness and completeness is quite diverse
and very widely distributed among the various groups at Ames. Different validation “rules’ come
into play depending on what items or services are being ordered and what offices are required to
approve a particular purchase. Early on in the project it became clear that these validation rules
would have to be acquired and revised incrementally. In addition, the fact that different
validation rules come into play at different stages of the approval cycle meant that the validation
mechanism had to be both “item-sensitive” and “context-sensitive”. By adopting a rule-based
approach, we were able to design and implement a general mechanism for applying validation
rules of varying complexity and then add and/or refine form-specific validation rules as they
were discovered.

Second, the knowledge that we required to generate a correct “approval path” for a particular PR
was not well-defined and distributed among a wide variety of people. We also recognized that in
order to guarantee that the system would always generate a correct set of approvers, we would
need to be able to incrementally add routing knowledge as “holes’ in the existing routing
knowledge became apparent. The inherent separation of “inference engine” and “knowledge
base” in rule-based systems offered a clear advantage over a conventional procedural approach.

WHY CLIPS?

We decided to use the CLIPS shell to implement the knowledge-based portion of the PEPR
system for a variety of reasons. First, the data-driven nature of forms processing seemed to
suggest that a forward-chaining inference engine would be appropriate. Second, CLIPS runsin a
Macintosh environment, which is the platform of choice among our targeted pilot users. Third,
the availability of CLIPS source code meant that we could tailor it to our specific needs (see [2]
for a more detailed description of the modifications we made to CLIPS). Several other projects
within our branch had successfully applied CLIPS to a variety of problems, so there was a fair
amount of local expertisein its use. Also, the fact that it is available to government projects at no
cost made it particularly appealing.

KEY DESIGN REQUIREMENTS

To evaluate the suitability of a knowledge-based system in an automated workflow environment,
it was of course necessary to provide other components of the workflow system. As a result,
certain design issues and requirements were identified early in the project. The following
represent key assumptions and design desiderata that probably apply to any automated workflow
system:

* Familiar user interface: The electronic version of the form had to look very much like
the paper form with which the users were already familiar. Also, the electronic form
needed to perform the rudimentary operations that users have come to expect from any
automated application (printing support, automatic calculation of numeric fields, etc.)

* Reliable data transport mechanism: In order to get the forms from user to user, the
system had to utilize an easy-to-use and reliable electronic mail system.
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» User authentication: Once users are expected to receive and process sensitive data
electronically, they must be assured that the people who sent the data are who they claim
to be. Therefore, our system needed to ensure authentication of its users.

» Data integrity assurance: Likewise, the users needed to be sure that the data they
received had not been altered, either accidentally or intentionally, while in transit.

* Seamless integration: We wanted the operation of the knowledge-based component of
the system to be completely invisible from the user and have its output appear as data on
the form.

* Tracking capability: Enabling a user to determine where in the process a particular
form is at any particular moment, without having to bother other users, is very important
to the acceptance of an automated workflow system. We wanted our users to be able to
determine the status of their submitted forms automatically.

Of course, we did not want to have to develop all of the mechanisms required to meet these key
needs. Thankfully, most of the requirements described above had been provided by recently-
released commercia products. Therefore, our goa in the development of the PEPR system was
to make use of commercialy-available technology to fulfill these requirements whenever
possible, and to integrate the various software components as cleanly as possible. While this
approach required us to make use of pre-release versions of some software components of the
system (with many of the frustrations inherent in “beta testing”), it enabled us to focus on the
development and integration of the knowledge-based component and also led to mutually
beneficial relationships with the vendors whose products we utilized.

SYSTEM COMPONENTS

Because of the workflow-enabling capabilities of the latest release of the operating system, the
availability of workflow-related products, and the relative popularity of the platform at Ames, we
chose to implement the first version of the PEPR system on the Apple Macintosh. The PEPR
system is comprised of several commercia software tools:

* Expert System Shell: Asdescribed above, we selected CLI1PS with which to implement
the knowledge-based portion of the PEPR system.

» Electronic Forms Package: The Informed™ package from Shana Corporation is used
to produce high-fidelity electronic forms. This package is comprised of the Informed
Designer™ program, which permits a forms designer to define the layout and
functionality of the form, and the Informed Manager™ program which permits filling
out the form by end-users.

e Scripting Language: The various software modules that comprise the PEPR system
share data by means of AppleScript™, a scripting language for the Macintosh that
allows the programs to interact with each other and share data, even across an AppleTak
network.

e DBMS: The PEPR system currently utilizes 4th Dimension™, a “scriptable” data base
management system from ACIUS, to hold data associated with the routing and tracking
of forms as they are sent from user to user.

These applications all operate together under version 7.1.1 of the Macintosh operating system
(also known as “System 7 Pro”) which provides system-level capability for electronic mail,
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digital signatures (for user authentication and data integrity assurance) as components of Apple's
PowerTalk™ software product. The PowerShare™ system, which provides the store-and-
forward mail service and user catalog support, operates on a centrally-located server system and
supports al client users.

Each user of the system is required only to be running System 7 Pro and the Informed Manager
application. CLIPS and 4th Dimension reside on a central “server” and can be accessed remotely
by all users.

KNOWLEDGE BASE STRUCTURE

The PEPR knowledge base is comprised of four main modules; the Validator, the Classifier, the
Approval-path Generator, and the Organization “ data base”. In addition, each form that the PEPR
system supports has its own set of form-specific validation rules that are loaded dynamically as
the form is processed.

e Validator: The PEPR validator is responsible for ensuring that the various fields on the
form are correct and complete. The validation rules are represented as CLIPS classes,
and are organized hierarchically with their own “apply” methods. Actual form-specific
validation rules are represented as instances of these classes and are loaded dynamically
from disk files when a particular form type is to be validated. If a validation rule is
violated, the validator creates an instance of an error object with a suitable error message
that eventually gets returned to a field on the form.

» Classifier: If the validator finds no errors on the form, the Classifier is invoked. The
Classifier uses the contents of specific fields on the form to construct hypotheses about
potential categories to which the specific form might belong. The Classifier loads a
group of form-specific “clues’ that are comprised of a text string, a field name, a
classification category, and a certainty factor. These clues are evaluated in turn; if the
clue's text string is found within the associated field, then membership in the given
category is established with the given certainty factor. These certainty factors can be
positive or negative, and are combined using the CF calculus defined by Shortliffe et al
for the MYCIN system. If the resulting certainty associated with a certain hypothesis
exceeds a threshold value, then the form is said to belong to that category.

* Approval-path Generator: Once all of the applicable categories for a given PR have
been determined, the approval-path generator looks at specific fields on the form and
determines the originating organization. It then loads the form-specific routing rules, and
determines both the “management” approvals that are required (which depend upon the
originating organization and, often, the total dollar amount associated with the PR) and
the “special” approvals that are required (which are dependent on the classification
categories to which the PR was assigned). These approvals are represented as the various
organizations that must approve the form. The approval-path generator then looks up the
“primary contact” for each of these organizations in the “organization data base” and
inserts that person’s name in the forms electronic “routing slip”. (Note that by updating
the “primary contact” for an organization periodically allows forms to be routed to
designated alternates should the real primary person be on vacation or otherwise
unavailable).

e Organization Data Base: This portion of the knowledge base contains CLIPS objects
that correspond to the various managerial groups and hierarchies at Ames, and is used to
help generate approval paths, as described above. (Of course, this module is currently a
very good candidate for re-implementation in some other format as an external data base,
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and the PEPR team is currently negotiating with other Ames groups who maintain
similar data bases for other purposes).

DEVELOPMENT HISTORY

The PEPR system has been under development on a part-time basis for the past three years.
Since then, the system has undergone various changes, both in its architecture and functionality.
In Early 1991, work began in investigating the problems associated with the procurement process
and the potential applicability of software tools to help address those problems. The team
identified a useful sub-class of purchase requests on which to begin work, namely those PRs
associated with the funding of research at external universities (this sub-class had the advantages
of being reasonably straightforward with respect to the routing required and of providing an
immediate near-term benefit -- the Al Research Branch submits a substantial number of these
PRs and would therefore be in a good position to evaluate the utility of such a system). In June of
1991, the forms required to support university grants were distributed to a small number of users.
These forms included only the evaluation forms (not the PR), and did not utilize the knowledge-
based component. Early in 1992, the electronic forms were re-implemented in Informed, which
proved to be a superior forms package to the that which had been used previously. These forms
(except the PR) were given to numerous users around the Center, and were well-received. The
knowledge-based validator, although working, was not deployed to end-users because we lacked
amechanism to efficiently share data between the form and the knowledge system. By the fall of
1992, we had initial versions of both the validator and the approval-path generator working, but
they were only usable as a demonstration because they were not well-enough integrated with the
forms system to be given to end-users. This “integration” was by means of a popular keyboard-
macro package that allowed the two applications to clumsily share datavia a disk file. However,
this approach had two serious drawbacks. First, the keyboard macro package merely simulated
the manipulation of the user interface, and so the user would have been subjected to a very
distracting flurry of dialog boxes and simulated mouse-clicks. Second (and more importantly),
that integration required that both the forms package and the knowledge base be running on the
user’s machine. That was an unacceptable limitation and would have undoubtedly “turned off”
more users that it would have helped. We were, however, able to give the end-users electronic
versions of the grant evaluation forms, which were somewhat helpful to the more experienced
users even without the knowledge-based components. In early 1993, the team signed on as pre-
release users of AppleScript, and modified the CLIPS shell to be “scriptable’. This not only
enabled a more “seamless’ and less distracting integration between the forms package and the
knowledge base, but more importantly it enabled us to set up a single copy of the knowledge
system on a central server and permit users to access it over the network. By the summer of
1993, we became pre-release users of the new operating system software (part of the Apple Open
Collaboration Environment) that provided support for digital signatures, system-level electronic
mail, and other workflow-facilitating features. With these new features came the ability not only
to give real users access to the knowledge base validation and routing capability, but also the
data integrity assurance that would be required to support electronic submission of the sensitive
data contained on financial instruments such as a purchase request form.

In December 1993, the PEPR system “went live”, and is now in daily use within the Aerospace
Systems Directorate at Ames for the electronic submission, approval, and routing of purchase
requests and university grant evaluation forms. The system is even being used to electronically
send grant award forms to selected universities, something that had previously been done
manually by the University Affairs Office at Ames.
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FUTURE PLANS

The PEPR team is currently supporting the University Grant pilot testers, and is in the process of
making small refinements to the system as the users report problems and suggest improvements.
In the coming months, we expect to be able to expand both the user base of the system and the
scope of the purchase requests to which it is applied. We are also investigating other related
workflow applications, both within Ames and at other government laboratories and within
industry.

The PEPR team is also working very closely with researchers at Washington State University
who are applying machine learning techniques to electronic forms. Our hope is that as our data
base of “correct and complete” forms grows, we will be able to utilize these techniques to
automatically generate new validation and routing rules.
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ABSTRACT

Transportation network capacity variations arising from accidents, roadway maintenance
activity, and specia events, as well as fluctuations in commuters travel demands complicate
traffic management. Artificial intelligence concepts and expert systems can be useful in framing
policies for incident detection, congestion anticipation, and optimal traffic management. This
paper examines the applicability of intelligent route guidance and control as decision aids for
traffic management. Basic requirements for managing traffic are reviewed, concepts for studying
traffic flow are introduced, and mathematical models for modeling traffic flow are examined.
Measures for quantifying transportation network performance levels are chosen, and surveillance
and control strategies are evaluated. It can be concluded that automated decision support holds
great promise for aiding the efficient flow of automobile traffic over limited-access roadways,
bridges, and tunnels.

INTRODUCTION

U.S. automobile traffic has been growing by 4 percent a year to its current level of 2 trillion
vehicle-miles, and it is expected to double to 4 trillion vehicle-miles by 2020. According to
Federal Highway Administration, if no significant improvements are made in the highway
system, congestion delays will increase by as much as 400 percent [1]. According to IVHS
America, the annual cost of congestion to the U.S. in lost productivity is estimated at over $100
billion [2]. In many areas there is very little that can be done to increase road capacity. Thereis
not adequate right-of-way next to existing roads, and in many cases the cost of a new highway is
prohibitively expensive. It is therefore imperative that new ways be sought to make better use of
existing infrastructure.

In 1987 the Federal Highway Administration formed Mobility 2000, a joint effort between the
government, industry and academia. This led to the formation of an organization called the
Intelligent Vehicle Highway Society of America, or IVHS America [1]. IVHS America aims at
improving the level of transportation services that are currently available to the public by
integrated systems of surveillance, communications, computer and control process technologies

[4].

IVHS technologies have been grouped into four generic elements. Advanced Transportation
Management Systems (ATMS), Advanced Driver Information Systems (ADIS), Automated
Vehicle Control (AVC), and Commercial Operations [3]. This paper concentrates on ATMS,
which involves the management of a transportation network. Implementation of such systems
requires development of real-time traffic monitoring and data collection techniques. More
precisely, an Advanced Traffic Management System should have the following characteristics, as
specified by the proceedings of the Maobility 2000 conference [3,4]:

» real time operation

* Student
** Professor
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responsiveness to changesin traffic flow
surveillance and detection

integrated systems

collaboration of jurisdictions involved
effective incident control strategies

Effective incident control strategies will be a crucial part of this project. Contrary to widespread
belief, not all congestion is due to rush hour traffic; 56% of costs incurred by congestion are due
to non-recurrent events or incidents. Incidents include vehicle accidents, unfavorable weather
conditions, highway maintenance, and road reconstruction [3]. It is essential to determine the
nature and scope of an incident as quickly as possible. The control center should be informed
about the incident either through the police or other jurisdictional agencies. A more advanced
approach would be visua validation of incidents with the use of camera surveillance systems.
Effective detection and verification of incidents will lead to lower disruption of traffic flow [3].
Drivers could be routed to alternate paths to avoid unnecessary tie-ups and frustration due to long
delays|[3].

Traffic control centers would need real-time information about the network condition. An
intelligent vehicle/lhighway system would have to monitor traffic throughout the day. For the
near future, sensors will include inductive loops buried just below the surface and ultrasonic
sensors mounted overhead. These devices will be able to count the number of vehicles passing a
certain point and will gauge their speed. Another aternative would be for image-processing
computers to extract traffic data from television pictures from cameras on the arterial network.
Recent tests have provided very promising results about the accuracy of inductive loop detectors
[1]. Ultimately, improvement of network surveillance technologies and link-time estimation
techniques will be crucial in the implementation of an intelligent vehicle/highway system [5]. In
the future, vehicles equipped with navigational systems could communicate directly with the
control center, giving information about the drivers' locations, speeds, and destinations.

Advanced Traffic Management Systems will have to be integrated with Advanced Traveler
Information Systems (ATIS) to ensure higher efficiency of the control system. Drivers will be
informed about congestion, roadway conditions, and alternate routes through audio-visual means
in the vehicle and through variable message signs at strategic points of the network. Information
provided might include incident locations, fog or snow on the road, restrictive speeds, and lane
conditions. Two-way real-time communication between vehicles and the control center could be
facilitated by radio communications, cellular systems, and satellite communications [4].

Among the benefits of IVHS will be reduction in traffic congestion, reduction in the number of
accidents , improved transit service, less fuel wasted, and fewer emissions from idling engines
[4]. Fully integrated ATMS/ATIS combinations could reduce congestion in urban areas from 25
to 40%. Unchecked traffic congestion is the largest contributor to poor air quality and wasted
fuel consumption. IVHS will not solve all problems in transportation, but it will increase the
level of services rendered.

FUNDAMENTALS OF TRAFFIC FLOW MODELING

Evaluating traffic performance requires a thorough understanding of traffic flow characteristics
and analytical techniques. The most important macroscopic flow characteristics are flow rate,
density, and speed [7]. The flow rate g past a point is expressed as[8]:

q= D)

N
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where
g: flow rate past a point
n: number of vehicles passing point in timeinterval T
T: timeinterval of observation

It is important to recognize that q is sensitive to the selected time interval T during which the
measurement began and ended. Whatever the value of T, the most common units for q are
vehicleg/hr.

Density (or concentration) can be expressed as [7,8]:

n

k= 2
- @
where
k: density

n : number of vehicles on road
L : length of road

Density is an instantaneous traffic measurement, and its units are usually vehicles/lane-mile. In
most cases, one mile and a single line of vehicles are considered. Traffic densities vary from zero
to values that represent vehicles that are completely stopped. The upper limit of k is called the
jam density and is on the order of 185 to 250 vehicles per lane-mile, depending on the length of
the vehicles and the average distance between vehicles.

Speed is another primary flow variable. Space-mean speed is the average speed of the vehicles
obtained by dividing the total distance traveled by total time required, and it is expressed as[8]:

u=(&s)/(&m) ©
where

u: space-mean speed
s: distancetraveled by vehiclei on roadway
mi : time spent by vehiclei on roadway

A very important relationship exists between the three fundamental stream flow variables that
have been defined above. Thisflow relationshipis[7]:

g= ku (4)

A linear speed-density relation has been assumed to simplify the presentation. The relation can
be expressed as[7]:
u=ur - 2O 5)
ek o
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This relationship indicates that as speed approaches free flow, speed density and flow approach
zero. An increase in density causes a decrease in speed until flow is maximized at gm and speed
and density reach their optimum values (Uo,ko). Further increases in density cause density to
reach its maximum value (k;) and speed and flow to approach zero [7]. A relationship between
flow and density can be obtained by substituting equation (5) into (4). Thisyields[7]:

— . RO 2
g=uk élqﬂk (6)

Under low-density conditions, flow approaches zero and speed approaches free-flow speed (ur ).
At optimum density, flow is maximized, and speed attains an optimum value. Maximizing the
objective function (6) by setting its derivative equal to zero (dq/ dk =0), we find that optimum
density occurs at half the jam density (ko= ki / 2). This is true only for a linear speed density
relationship, but the same reasoning can be applied to other non-linear relationships[7].

The optimum speed is half the free flow speed (U =ur / 2). Because gm =Kdlo, it is evident that
gm = uik / 4. Once again, it is important to remember that these values are only true for a linear
speed-density relation [7]. The flow-density relationship often serves as a basis for highway
control. Density is used as the control parameter, and flow is the objective function. At low
densities, demand is being satisfied and level of service is satisfactory, but as density increases
control is needed to keep densities below or near the optimum density value [7]. Other models
have been proposed by transportation planners. This is an optimization problem with traffic flow
as the objective function and traffic density as the control parameter. The technology to measure
traffic density exists, and its knowledge can help us estimate traffic flow, average speed, travel
time, and level of service.

ASSUMPTIONS OF SURVEILLANCE AND CONTROL PROCEDURES

Every morning there is a large pool of people west of the Hudson river who want to cross it.
Every member of this group of "intelligent agents' is part of a continuously changing
environment, holding an individual behavioral response to the evolution of the dynamic system.

It has been observed that commuters usualy choose the route with the shortest travel time.
Consequently, drivers tend to divide themselves between two routes in such away that the travel
times between them are identical. Finally, an equilibrium point is reached in which commuters
do not have much choice between two routes since the user cost (travel time) of traversing the
two links has stabilized [8].

In many cases, an incident can disturb the user equilibrium. In such instances transportation
planners can help establish a new equilibrium where no route is underutilized. By dispensing
traffic advisories to the right people, one can be assured that misallocation of transportation
resources can be avoided. Computer simulations have proven that the use of route guidance
systems can reduce travel time to al drivers by up to 20% [9]. Route guidance was found to be
more helpful as the duration of incidents increased, in which cases more drivers had to be routed
to achieve an optimal traffic assignment [9]. A corresponding surveillance procedure is
illustrated in Figure 1.

In selecting between alternate routes, a user-optimal system chooses a route that minimizes the
travel time of the individual driver. However, a system-optimal system selects a set of routes that
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minimizes the overal travel time of al drivers [11]. Routing decisions should not be made
independently because every decision effects the whole network: if many drivers choose a
certain route at the same time, that route may become congested and non-optimal [10].

Measure
= TrafficDensity

v

Calculate

= Traffic Flow

= Average Speed
« Travel Time

= Level of Service

Figure 1. Proposed Surveillance Procedure.
A DECLARATIVE FRAMEWORK FOR TRAFFIC CONTROL

Traffic control can be partitioned into reflexive, procedural, and declarative functions. Reflexive
functions operate at the subconscious level of human thought; they are instantaneous reactions to
external stimuli. Procedural actions also operate on a subconscious level, but they are more
complex than reflexive functions, following a set of basic rules and actions that represent skilled
behavior. Declarative functions operate at the conscious or preconscious level of thought. On the
conscious level they require attention; on the preconscious level they require intuition and
conceptual formulations. They involve decison making and provide models for system
monitoring, goal planning and system/scenario identification [12,13].

A traffic management system requires goal planning and system monitoring. At every instant, all
alternatives must be considered and decisions must be made through a deductive process [13]. A
declarative model makes such decisions in a process that is ssmilar to human reasoning [6]. All
our knowledge, beliefs, and experience of traffic modeling are placed in a declarative framework
to provide a system that reasonsin an intelligent manner.

This paper focuses on declarative traffic controls. Rules that reflect the controllers knowledge of
the response of the control system are established. Programming is implemented as a CLIPS
expert system that supports various programming paradigms. CLIPS was chosen because it can
be easily integrated with C programs. The rule-based programming paradigm is useful in
modeling traffic incidents. In procedural programming, the order in which al the commands are
executed is pre-specified. In reality, traffic incidents are often unpredictable. By establishing the
appropriate heuristics and rules, the system becomes "intelligent.” When it is faced with a certain
problem, it uses pattern matching that is appropriate to the existing facts.

Computer systems often are organized in a modular structure to increase computational
efficiency. Time can be saved by looking at rules and facts that are relevant at that instant.
Modular representation allows partitioning of the knowledge base into easily manageable
segments, thus making the system easily expandable. CLIPS incorporation of modulesis similar
to the blackboard architecture of other systems. Knowledge sources are kept separate and
independent, and different knowledge representation techniques can be used. Communication of
all sources takes place through the blackboard [15].
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Task definition is an important factor in the development and design of such rule-based systems.
The ultimate goal is to develop an expert system of expert systems, which is a hierarchical
structure that reasons and communicates like ateam of cooperating people might [13].

A knowledge-based system called the Traffic Information Collator (TIC) has been developed at
the University of Sussex. The TIC receives police reports on traffic incidents and automatically
generates appropriate warning messages for motorists. The system operates in real-time and is
entirely automatic. The TIC is comprised of five processing modules each holding its own
knowledge base [16,17].

Research in air traffic control has been conducted in a similar manner. Cengeloglu integrated an
Air Traffic Control Simulator (written in C) with a traffic control decision framework
(implemented in CLIPS). The simulator creates a virtual reality of airspace and continuously
updates the information (knowledge base) of the decision framework. Several scenarios
containing unexpected conditions and events are created to test the prototype system under
hypothetical operating conditions[15].

A complete transportation model should consist of atraffic smulator and a traffic manager. This
paper focuses on the decision process of managing and controlling traffic.

Prediction algorithms could be employed to predict the evolution of traffic. This additional
knowledge could be used in the control process. Smulders created a model to study the use of
filtering on freeway traffic control [18]. Once the actual values of the density and mean speed in
all sections of the freeway are available, his model generates predictions for the evolution of
traffic over short time periods (e.g., 10 minutes). A state vector contains all the information about
the present state of the system. The estimation of a certain state from the measurement vector is
done through the use of a Kalman filter [18].

The real-time operation of knowledge-based systems in actual or simulated environments is
attained through the use of a cyclic goal-directed process search, with time-sliced procedure
steps. Prior to a search, the value of parametersis either known or unknown. After the search, the
status of parameter values may be changed. Repetitive knowledge-base initialization sets the
value of every parameter to its default value after each search cycle; all information that was
attained in the previous search is deleted. Thus the controller “forgets’ the information it
acquired in aformer search prior to solving a new problem.

The CLIPS knowledge base can be initialized by resetting the program. All the constructs remain
unchanged and do not have to be reloaded. This process allows the accommodation of time-
varying data in the system [14]. In this sense, rea-time application implies some paralel
execution features. Several domains of the research space must be searched concurrently [19]. It
is noteworthy that not all cyclic search processes of the system have to be synchronous.

USING A KNOWLEDGE-BASED SYSTEM FOR DECISION AIDING IN TRAFFIC CONTROL

The aim of this project is to design an expert system that evaluates traffic conditions and
dispenses travel advisories to commuters and traffic control centers. A decision-support system
has been written in the CLIPS programming environment to illustrate severa traffic control
procedures (Fig. 2). The program is geared toward illustrating a method of traffic control rather
than solving a particular problem. Some traffic parameters have been approximated and certain
simplifying assumptions have been made to avoid unnecessary computational complexity.

A small network was constructed for initia program development. The network consists of a
section of the New Jersey Turnpike and the routes connecting Exits 14, 16, and 18 to the Holland
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Tunnel, Lincoln Tunnel, and George Washington Bridge. Node and link data for al the roads in
New Jersey and New York has been accumulated by the Civil Engineering Department at
Princeton University. Future research could be geared toward applying the declarative control
procedures developed in this project to a network of alarger scale.

Actual implementation of this system is based on it receiving real-time information about traffic
conditions of a network using sensor measurements at different points on the network. The
current program uses scenario files, with hypothetical traffic densities from all roads in the
network. The program reads these values (as well as the pertinent time period of the day) and
creates the appropriate data constructs, which are asserted as facts. The system then matches
these facts based on pre-specified heuristics. Once it has concluded a declarative search, it gives
certain advisories and recommendations at the CLIPS command prompt. All advisories are made
with the idea that they would be broadcast on changeable signs at several roadway locations;
they could also be displayed at traffic management centers or on the displays of suitably
equipped vehicles. Alternative scenario files test the system under several hypothetical operating
conditions.

System Input Sensor Traffic
File 4— Density
Measurements

Knowledge Base

FACTS: Traffic densities, Link
Template slots.

RULES: Heuristics on dispensing
advisories.

Changeable Message Control Center
Signs Computers

Figure 2. Schematic Representation of System Architecture.

IMPLEMENTATION OF THE TRAFFIC MANAGEMENT SYSTEM

The decision-support system, programmed with CLIPS 6.01, supports several procedural
functions, that are necessary for the computation of relevant information. Once the density is
known, the average travel speed, flow rate, service rate, and level of service can be calculated
from the appropriate models and equations.

Historical data of expected traffic demand for the Hudson river crossings have been stored in a
function that returns the expected number of vehicles at a certain time period. The use of an
appropriate filter would make this function redundant. It provides information about the probable
evolution of traffic and is sufficient for the preliminary development of the system. It makes the
system "forward looking" and capable of predicting congestion buildup. Historical data could be

69



stored as facts; however, this clogs up the facts list, and the system is forced to ook at irrelevant
facts.

After reading initial data from the scenario file, the roadway densities are asserted as facts, and
they are put onto the factslist. The initialization rules create the appropriate data constructs based
on these basic facts and the appropriate procedural functions. Most of the program's knowledge
is stored in templates, which are similar to structures in C. Thus every link of the network has it
own template, containing information such as speed, density, flow, operational lanes, service
rate, and accident-status. Templates are convenient for storing data and can be readily accessed
and modified by the user. After all the values of the dots of the templates have been calculated,
the templates are asserted as facts. Thereafter, decisions are made by pattern matching on the val-
ues of the templates slots. Data storage is compact so as not to overflow the CLIPS fact list.

The system is readily adjustable to lane closures due to maintenance. For instance, if one of the
lanes of the Lincoln Tunnel is closed due to maintenance, then when the knowledge base is
initialized, it takes this fact into account. In the case of bad weather, such as a snowstorm, the
values of the free-flow speed and the jam density should be reevaluated. Since these deviations
from normal operating conditions are incorporated into the system once it is initiaized, al
decisions made thereafter are adjusted accordingly. System initialization at every time increment
ensures that the link-node data is augmented to reflect current conditions. Thus the system is very
flexible and can include all foreseeable traffic situations.

Broadcasting travel advisories is a challenging part of the program. For instance, the fact that
there is an accident on the route from Exit 14 to the Holland Tunnel is useful for people
approaching that exit, but not for people traveling away from it. Thus the system is faced with
the decision of whether to make a broadcast and to whom it should be made. Due to the
geometry of the network, the broadcast heuristics are different for every decision node. Even in
such a small network, there are numerous broadcasting possibilities.

Automated communication between commuters and the control center can be achieved by the
appropriate use of advisory rules. The data templates also contain information such as the
presence and severity of accidents on the links of the network. Every link’s template has a slot
that is called "accident status,” which can be either TRUE or FALSE. The default value is
FALSE, but once an accident occurs it is switched to TRUE. Thereafter, the system ensures that
the appropriate people are informed of the incident. Templates also store the estimated time to
restore the link to normal operating conditions and the degree of lane blockage at the accident
site.

While radio advisories provide commuters with information about traffic delays and adverse
traffic conditions, it is doubtful that they give them all the information they need at the right
time. Since not al drivers are tuned to the same station and radio advisories may lack central
coordination, the result of broadcasting may not be system-optimal. Changeable message signs
ensure that the appropriate people get the right message at the right time. The system is more
helpful under such circumstances, since it can help bring the network back to user equilibrium by
ensuring that all links are properly utilized.

In genera the factors that should be considered in any routing decision are: a) traffic density and
velocity profile of main and alternate route, b) length of main and alternate route, ¢) percentage
of divertible traffic volume, and d) demands at on-ramps on both routes [20]. Once the density of
the link is known, an average speed can be computed using one of the traffic models described
earlier in this paper. Dividing the length of the link by the average speed yields the current
(experienced) travel time.
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Routing between two aternate routes can be achieved by the use of a tolerance-level
measurement. The difference between experienced travel times (or flow) between two routes can
be calculated. If it is higher than some pre-specified level, then commuters should be routed to
the underutilized roadway. The use of individual travel times is user-optimal, whereas the use of
traffic flow is system-optimal. Optimizing commuters travel time can probably be done better
with the use of shortest-path algorithms, whereas equilibrating flows can be incorporated in an
expert system.

Traffic flow is a measure of highway productivity. Ensuring maximum utilization is essentially
an optimization problem, with flow as the objective function and density acting as the control
parameter. The flow of alink is maximized at the optimal density (k,). For alinear model, the

optimal operating density is haf the jam density (k;). The system has the expertise and knowl-

edge to recognize how far the actual density measurements are from ideal conditions. If the
traffic density of a road is less than optimal, then the road is under-utilized. If the density is
higher then optimal, then it is over-utilized. An advanced intelligent highway system should be
able to monitor and compare traffic flow in both directions of alink to see if the decision for a
lane-direction change is warranted. The ultimate goal is to ensure that al routes are utilized
properly. This section of the system is subject to alot of development and improvement since the
domain knowledge is uncertain. Currently there is no clear way to route traffic optimally.

The system searches its historical datato see if traffic demand for alink is expected to rise or fall
in the next time period. If travel demand is expected to fall and the road is being underutilized,
the system suggests that more vehicles be routed to that link. Diversion of traffic flow is an
effective method of improving traffic performance and can be achieved by rerouting drivers with
specific direction and destinations [20]. Advisories on the New Jersey Turnpike are different for
people traveling North than for those traveling South.

The issue of how long a message should be broadcast is significant. Suppose that congestion can
be avoided if 30% of drivers respond to the diversion sign. If only 15% of the drivers follow the
diversion recommendation, congestion will not improve as expected. A feedback control system
could take this into account by deciding to broadcast the diversion message for a longer time
period until the desired utilization levels are reached. This approach compensates for all
uncertainties in the percentage of divertible traffic flow [20]. The critical design issue is assuring
that the system reaches stability quickly.

Knowledge base initialization at frequent time intervals, through the use of sensor measurements,
makes this method of broadcasting a closed-loop feedback control process. Since the real-time
implementation of this system would rely on cyclic search, a message would be sent every time
the system decides that traffic should be diverted. Currently the program does not have real time
measurements or simulated traffic demands, so it does not execute a cyclic search. It considers
24 one-hour periods over the span of a day. Rea time implementation would require that the
CLIPS knowledge be reinitialized at every time increment with the state measurements.

CONCLUSION

This project has made a step towards emulating an automated decision process for an Advanced
Transportation Management System. This non-conventional approach to transportation modeling
has examined the applicability of intelligent control techniques in management. Since a fully
operational Intelligent Vehicle Highway System will require full integration of symbolic and
numerical knowledge, declarative rules have been embedded with procedural code. A framework
for modeling traffic incidents has been provided. The link information of the system is
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augmented on a real-time basis, and advisories are issued based on the current state of the
system.

Operation of this system requires that the traffic control center has knowledge of the traffic
densities of all links in the transportation network. The technology for making such mea
surements exists and has been described earlier in this paper. Implementation of this system will
require research into how programming software will be integrated with all the system sensors.

Before fully implementing such a control process, it is necessary to choose what degree of
automation the system should have. The system should be alowed to run on its own, without
human intervention, only when all possible errors have been removed from it.

It is difficult to foresee all the incidents that could happen. Even for such a small network there
are many possibilities for issuing travel advisories. As the area that is monitored by sensors
becomes larger, it is evident that human operators cannot check everything that is going on.
However, the heuristic rules and frequent knowledge-base initialization make the system
adaptive to many situations. The size of the knowledge base and the number of advisories are
limited only by the available computer memory. Initially the system can be tested in asmall area.
Thereafter, additional rules for broadcasting to other locations can be added incrementally.
Additional details of this research can be found in Ref. 21.

FUTURE WORK

Future work can be geared towards expanding the knowledge base by using the object-oriented
programming paradigm offered by CLIPS. Node and link data of large networks could be stored
compactly in an object-oriented format. Different classes of roads could be defined (e.g. arterial,
expressway, intersection). Every link would then be an instance of these classes and it would
inherit some of its properties from them.

The cyclic search must be implemented with the use of actual or simulated data, requiring the
knowledge base to be reset (initialized) at frequent time intervals. It would be interesting to link
CLIPS with a traffic simulator written in C. The simulator could generate traffic demands, and
the CLIPS program could issue appropriate advisories.

This system knowledge base is subject to refinement. Additional rules must be added so the
system knows what to do in the absence of certain density measurements, which could arise from
malfunctioning sensors. Since not all transportation engineers use the same traffic models, it
would be desirable to allow the user to use different traffic models or to be able to create his own
model with an equation parser. The traffic routing technique and its relevant objective function
needs to be reevaluated. Backlogs due to ramp-metering also should be examined. The use of
estimators and prediction algorithms would enhance system performance significantly.

A learning control system would be able to learn from its daily experiences. Initialy, it could be
"trained" on a set of simulated data. Data archiving, on a daily basis, would increase the size of
the system’'s knowledge base. Thereafter, it could evaluate how well it handled a previous
accident. Hence, if it was in a similar situation it would use its acquired expertise to issue the
appropriate advisories. An intelligent system could detect traffic incidents from unusual sensor
readings. Eventually the system would be able to distinguish between weekday and weekend
traffic patterns. Considering the recent technological advances in intelligent control systems, the
eraof the fully automated highway might not be very far away.
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ABSTRACT

Proliferation of power electronic devices has brought in its wake both deterioration in and
demand for quality power supply from the utilities. The power quality problems become
apparent when the users equipment or systems maloperate or fail. Since power quality concerns
arise from awide variety of sources and the problem fixes are better achieved from the expertise
of field engineers, development of an expert system for power quality advisement seems to be a
very attractive and cost-effective solution for utility applications. An expert system thus
developed gives an understanding of the adverse effects of power quality related problems on the
system and could help in finding remedial solutions. The paper reports the design of a power
quality advisement expert system being developed using CLIPS 6.0. A brief outline of the power
quality concernsisfirst presented. A description of the knowledge base is next given and details
of actual implementation include screen outputs from the program.

INTRODUCTION

The introduction of nonlinear loads and their increasing usage, have led to a point where the
system voltage and current are no longer sinusoidal for safe operation of the equipment at both
industrial and customer levels. Before the advent of electronic and power electronic devices, the
current distortions were due to saturation of the magnetic cores in the transformers and motors,
arc furnaces and mercury arc rectifiers. Even though the overall effect on the system was there, it
had no serious effect on the performance of comparatively more rugged and insensitive
equipment. Today, sensitive electronic and microprocessor based equipment are commonly used
and they are susceptible to variations and distortions of the sinusoidal wave. Distorted sinusoidal
waveforms of voltage and current are produced due to the nonlinear characteristics of the
electronic components which are used in the manufacture of any electronic related equipment.
The power quality problems arising in the system basically are impulses, surges, sags, swells,
interruptions, harmonics, flicker etc. These power quality problems can be a potentia threat to
the satisfactory operation of the equipment. Thus there is a need to alleviate or eliminate the
effects of poor power quality. Engineers are applying their experience with the causes of power
quality impairment to recommend solutions to correct the problems.

Expert systems could be used for domain specific problems, such as power quality. The solutions
to power quality may be many and it may not be possible to come to a single conclusion. Expert
System approach can be useful to get a very successful approximate solution to problems which
do not have an algorithmic solution and to ill-structured problems where reasoning may offer a
better solution. The opinions of the experts may vary regarding a particular problem, but the
level of expertise combined from severa experts may exceed that of a single human expert, and
this can be made use in an Expert System. The solutions given by an expert system are unbiased
but the solutions from an expert may not always be the same. Databases can be accessed by
anexpert system and algorithmic conclusions can be obtained wherever possible.
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POWER QUALITY (PQ) IN POWER SYSTEMS

The impulses arising in the system are usually due to lightning and they cause insulator
flashover, transformer failures, arrestor failures and damage to other substation equipment.
Lightning strokes can pass through the transformer neutrals and cause damage to the customer
equipment also. This is especially when the lightning strikes close to the distribution
transformers. Oscillatory transients can be classified into three groups as low frequency, medium
frequency and high frequency transients. Their range is from below 5 kHz to above 500 kHz. The
main causes for these transients are capacitor switching, cable switching, back to back capacitor
energization, travelling waves from lightning impulses and circuit switching transients. The
impact of these transients are very high voltage levels on the secondary side of the transformers,
especially due to capacitive coupling between primary and secondary windings, for medium
frequency transients. Thus, these transients can also cause equipment failures and disruption of
sensitive electronic equipment.

Sags and Swells can be classified into three groups namely instantaneous, momentary and
temporary. They may last from 0.5 cycle to 1 minute. Sags may cause dropout of sensitive
electronic equipment, dropout of relays, overheating of motors etc. Swells are usually due to
single-line-to-ground faults occurring in the system. The extent of voltage rise varies with the
type of grounding scheme adopted. An increase in the voltage of 73.2% is for ungrounded
systems. The effect of swells could cause Metal Oxide Varistors to be forced into conduction.

Over-voltages and under-voltages last longer than 1 minute. They are caused by load switching,
capacitor switching or due to bad system voltage regulation. The impact of theseis dropout of
sensitive customer equipment which usually require constant voltage.

Harmonics are caused due to nonlinear characteristic of the loads of which converter circuits,
arcing devices etc are some examples. Harmonics are multiples of fundamental frequency and
are continuous in nature and distort the sinusoidal waveform. Interharmonics are caused by
cycloconvertors and arc furnaces. The impact of harmonics can cause overheating of
transformers and rotating machinery, maloperation of sensitive electronic equipment,
maloperation of frequency sensitive equipment, metering errors, presence of neutral to ground
voltage resulting in possible neutral overloading, capacitor failures or fuse blowing, telephone
interference,increased power 10sses, €etc.

Noise is caused by the range of components less than 200 kHz. Improper grounding and
operation of power electronic equipment are the main causes of noise production. The impact of
noise is on telephone interference. Notching is due to commutation in three phase inverters and
converters. The number of notches depend on the converter and invertor configuration. The
converters and invertor circuits can be operated in a six pulse, twelve pulse, eighteen pulse or
more configurations. Flicker is usually caused by presence of components less than 25 Hz. Arc
furnaces and intermittent loads like welding machines are some examples. These low frequency
components may cause problems with lighting.

The various disturbances leading to power quality deterioration can stem from a wide variety of
reasons that are often interdependant and quite complicated. A thorough analysis may be time
consuming and inefficient. The solutions also depend upon experience of the system.

EXPERT SYSTEM APPROACH TO PQ

Expert systems came into existence as an outcome of the need for better problem solving
methods where a closed form solution is unavailable. Since knowledge of power qualityproblems
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is obtained more through study and experience, development of an Expert System is a viable
approach.

An Expert system comprises of user interface, working memory, inference engine, agenda, and
knowledge acquisition facility. The user interface is a mechanism by which the user and the
expert system communicate. Working memory consists of a global database of facts used by the
rules. An agenda is a list of rules with priority created by the inference engine, whose patterns
are satisfied by facts or objects in the working memory. The knowledge acquisition facility is an
automatic way for the user to enter knowledge in the system rather than by having the knowledge
engineer explicitly code the knowledge.

Rule-based, object-oriented and procedural programming paradigms are supported by CLIPS 6.0.
The basic components of CLIPS 6.0 are facts list, knowledge base and inference engine. The fact
list contains the data on which inferences are derived, knowledge base contains all the rules and
the inference engine controls the overal execution. Thus the knowledge base contains the
knowledge and inference engine draws conclusions from the knowledge available. The user has
to supply the expert system with facts and the expert system responds to the users queries for
expertise.

Knowledge can be represented by rules, semantic networks,parse trees, object-attribute-value
triples, frames, logic etc. Each have their own limitation and a suitable field of usage [1]. Trees
and lattices are useful for classifying objects because of hierarchical nature.

Decision trees can be used effectively in the development of power quality expert system due to
hierarchical nature of power quality problems as usually one problem leads to several problems.
A decision structure is both a knowledge representation scheme and a method of reasoning about
it's knowledge. Larger sets of alternatives are examined first and then the decision process starts
narrowing till the best solution is obtained. The decision trees shouldprovide the solution to a
problem from a predetermined set of possible answers. The decision trees derive a solution by
reducing the set of possible outcomes and thus getting closer to the best possible answer. Since
the problems pertaining to power quality have different effects the solutions and remedial actions
may be approximated by successive pruning of the search space of the decision tree.

A decision tree is composed of nodes and branches. The node at the top of the tree is called root
node and there is no flow of information to the root node. The branches represent connection
between the nodes. The other nodes, apart from the root node, represent locations in the tree and
they can be answer nodes or decision nodes. An answer node may have flow of information to
and from the other nodes and are referred as child nodes. The decision node is referred as leaf
node and represents al possible solutions that can be derived from the tree. Thus the decision
node terminates the program with solutions.

Broadly classifying a system, the power quality problems are felt at the distribution system level
or a customer level. Thus this can be taken as the root node. At the distribution level the problem
may be with the equipment at the substation or with the equipment in the distribution lines.
Similarly the problem at the customer level could be with an industrial customer, a commercial
customer or a residential customer. Thus these can be referred to as the child nodes. The
problems faced at each of these levels may be understood better with each successive answer
node, and thus probable answers could be arrived at, at the decision nodes. This approach could
be useful if any numeric or monitored data pertaining to the system is not available. Also a
probable answer can be concluded, depending on the answers given by the user only by
observable impacts on the equipment, say the equipment maloperating or equipment failing or
fuse failing, motor getting overheated etc. The efficiency or the level of certainty of solutions
given will depend on the information provided by the user regarding the problem.
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When monitoring equipment are connected at various points at the customer facility, data
pertaining to the various disturbances due to surges, impulses, interruptions, variations in
voltage, current etc can be collected or stored. Many such monitors are available and used by the
utilities. PQ node program of Electric Power Research Institute (EPRI) uses a number of
monitors for collecting disturbance data. The output from these analyzers can be used by the
expert system for diagnosis. This approach could be very effective as the user may not be able to
provide enough information from his knowledge. This will increase the efficiency of the expert
system, as the user may give an incorrect answer or may not be able to answer some questions.
The data files can be accessed into the expert systems, which is CLIPS 6.0, in our study and the
data can be internally manipulated to come to a certain decision. If necessary, further information
can be elicited from the user before arriving at afinal solution.

Standard reports of the outputs with graphs of disturbances, possible solutions etc can be
generated by the program by opening text files within the program.

IMPLEMENTATION OF THE EXPERT SYSTEM

EPRI is sponsoring a research project for the development of software modules for addressing
power quality problems in the utilities. The center for Electric Power of the Tennessee
Technological University is co-sponsoring the project. The major objectives of the project are the
following :

°  Design and test a prototype expert system for power quality advising.

°  Develop dedicated, interactive analysis and design software for power electronic
systems.

°  Develop aconcept of neural network processor for the power system disturbance data.

For developing the expert system, CLIPS software designed at NA SA/Johnson SpaceCenter with
the specific purposes of providing high portability, low cost and easy integration with other
systems has been selected. The latest version CLIPS 6.0 for Windows provides greater flexibility
and incorporates object-oriented techniques.

Figure 1 shows the configuration of the expert system blocks being analyzed for the power
quality advisement. The rules are framed by the experts opinion and the number of rules can be
increased and added to the program whenever possible. The monitored data from PQ nodes, user
or both can supply the facts, which can be utilized to come to a probable solution. The inference
engine and agenda fire the rules on the basis of priority. There is an explanation facility which
gives reports and suggests the possible reasons for coming to a conclusion depending on the
inputs given.

[Figure Deleted]
Figurel.

The following is the pattern in which the questions are asked by the Expert System for the
responses of the user. Here a batch fileis run and CLIPS 6.0. response is given below.

CLI PS> (open "s.dat" s "w'")
TRUE

CLI PS> (open "r.dat" r "w")
TRUE

CLI PS> (load "septl.clp")

[ BRI S I S S S S S S S S S S S S S S S S S S O

TRUE
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CLI PS> (reset)
CLI PS> (run)

* * *x % * *x * % *x *k % *x *x * * *x * * *x * % *x * * *x * * * *x * * *x * * *
* %

*Expert System For Power Quality Advi senent*
*Devel oped By*

*Dr. A. Chandrasekaran and P.R R Sarma*
*Center For Electric Power?*

*Tennessee Technol ogi cal University*
*Cookevil I e, Tennessee.*

* %

VWhere is the conplaint fronf

1. Distribution-system

2. Custonmer
1
Where is the problemoccurring ?
1. Grecuits
2. Sub-Station
2
What is the conplaint ?
1. Service-Interruption
2. Devi ce- Mal operation
3. Equi prent - Fai l ure
2
VWi ch of these has the problem?
1. Transfornmer
2. Circuit-Breaker
3. Control-Circuitry
1
Is the systemvoltage nornmal ?
1. Yes
2. No
1
I's the hum of the transfornmer excessive ?
1. Yes
2. No
1
Is the transformer getting overheated ?
1. Yes
2. No
1
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Is the transformer getting overheated even
under normal |oad conditions ?

1. Yes
2. No
1
I's the transformer supplying power to
heavy |ighting and power electronic |oads ?
1. Yes
2. No
1
Are there capacitor banks in the substation ?
1. Yes
2. No
1
Is the substation provided with harnonic
filters to filter harmonics ?
1. Yes
2. No
2

Pr obabl e cause:

Place filters to prevent saturation
and overheating of the transforners
when it supplies power to power

el ectroni c | oads.

CLI PS> (exit)

The following is the symptoms file "s.dat", which was storing the symptoms pertaining to the
problem is given below.

* * % *x * *x * % *x * *x * *x * *x *x * *x * *x * *x * * *x * *x * *x * * *x * *x * * * *

*

*THI' S EXPERT SYSTEM | S BEI NG

* %

*DEVELOPED BY*

* %

*Dr. A CHANDRASEKARAN & P. R R SARVA*

* * % *x % *x * %k *x % *x * *x * *x *x * *x * *x * *x *x * *x * *x * *k * * *x * *x * *x * *
SUMMARY OF SYMPTOMS OBSERVED:

** The conplaint is fromthe distribution system

** The trouble is in the substation.
** Conplaint is device mal operation

** The problem pertains to the transfornmer.
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** The hum of the transforner is excessive.
** The transformer is getting overheated.

** The transforner is supplying power to |lighting and
power el ectronic | oads.

** The transformer is getting heated under nornal [oad conditions.

The following is the possible reasons file "r.dat", which was storing the possible reasons
pertaining to the problem is given below.

** The transformer humcould be nore due to | oose core bolts, presence of
har nmoni cs etc.

** Transformer may get overheated due to overloadi ng, saturation
insignificant faults in w nding etc.

** Transforner can get overheated under nornmal |oad conditions due to
harnmonics, insignificant faults in transforner etc.

** Harnonics may be in the systemwhen the power is being supplied to
lighting and power el ectronic |oads.

** Harnonics may be present if harnonics are not filtered out.

The text files generated can be imported into Word perfect, Winword etc for making the final
reports. At present, efforts are being made to integrate the data obtained from the PQ analyzer
into the CLIPS program as a part of the EPRI project. The monitored data reports from the PQ
analyzer can be used to arrive at conclusions about the power quality problems especially with
regard to the origin of the disturbances from the users' queries. Also the reports could incorporate
disturbance graphs obtained from the data specified in the input files of the monitored data.

The concepts of the theories of uncertainty and Fuzzy Logic can be utilized using FuzzyCLIPSin
the development of the power quality expert system, especialy in cases where the questions like
“Is the hum of transformer excessive?’ have to be answered. The possibilities for ‘excessive
may be more than normal, high, very high etc. FuzzyCLIPS may be used for answers of this sort
and the efficiency of the solutions thus can be increased.

CONCLUSION

The development of the power quality expert system shows that expert system usage is definitely
aviable dternative. Analysis of monitored data can be used to identify the sources causing power
quality deterioration. Suitable conclusions can be drawn to recommend mitigating the power
quality problem sources to the customers on one hand and the equipment manufactures on the
other. An expert system approach can also be useful to educate customers on actions that can be
taken to correct or prevent power quality problems.

REFERENCES

1. Giarratano Joseph and Riley Gary, “Expert Systems, Principles and Programming,” 2nd
edition, PWS Publishing Company, Boston, 1993.

81



Adapa Rambabu, “ Expert System Applications in Power System Planning and Operations,”
|EEE Power Engineering Review, February 1994, pp. 12 to 14.

Liebowitz Jay, DE salvo A. Daniel, “ Structuring Expert Systems,” Y ourdon Press, Prentice
Hall Building, Engelwood Cliffs, N.J. 07632, 19809.

“A Guide to Monitoring Power Distribution Quality,” phase 1, Electric Power Research
Institute Project 3098-01, Report TR-103208, Palo Alto, California, April 1994,

82



QPA-CLIPS: A LANGUAGE AND REPRESENTATION
FOR PROCESS CONTROL"

Thomas G. Freund

Pratt & Whitney
400 Main Street
Mail Stop 118-38
East Harford, CT 06108

ABSTRACT

QPA-CLIPS is an extension of CLIPS oriented towards process control applications. Its
constructs define a dependency network of process actions driven by sensor information. The
language consists of 3 basic constructs: TASK, SENSOR and FILTER.. TASKs define the
dependency network describing alternative state transitions for a process. SENSORs and
FILTERs define sensor information sources used to activate state transitions within the network.
deftemplate’ s define these constructs and their run-time environment is an interpreter knowledge
base, performing pattern matching on sensor information and so activating TASKs in the
dependency network. The pattern matching technique is based on the repeatable occurrence of a
sensor data pattern. QPA-CLIPS has been successfully tested on a SPARCStation providing
supervisory control to an Allen-Bradley PLC 5 controller driving molding equipment.

INTRODUCTION - THE NEED

Process control is the science and, at times, art of applying and holding the right setpoint value
and/or mixing the right amount of an ingredient at the right time. But, when is the time right ?
And, if we know enough about the material or mixture, what is the right setpoint value and/or
amount that has to be mixed ?

Materials scientists and engineers have spent years of painstaking experimentation and analysis
to characterize the behavior of metas, plastics, and composites. Along the same vein,
manufacturing engineers and factory floor operators have developed many person-years worth of
practical “know-how” about material behavior under a variety of processing conditions.

In addition, though there is always room for improvement, significant strides have been made in
useful sensor technology for acquiring information on material behavior. As the types of
materials used in everyday products increase in complexity, the demand increases for embedding
a better understanding about material behavior directly into the control of their manufacturing
processes.

QPA-CLIPS, the language and its run-time environment, is a means to directly tie our best
understanding of material behavior to the control of material forming or curing processes. Thisis
accomplished by intelligent mapping of sensor information on material behavior to changes in
process parameter values. The changed parameter values, in turn, are used to directly drive
process equipment .

* This work was supported by a grant from the National Center for Manufacturing Sciences, Ann Arbor, M| 48108
and in cooperation with Allen-Bradley Co. (Milwaukee, WI) and Erie Press Systems (Erie, PA).
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THE PROBLEM

Material forming processes transform a prescribed volume of material(s) into a desired net shape.
In curing, material is processed in a way that changes material properties to a set of desired
characteristics. In either case, the proper choice of tooling along with a properly defined process
cycle, or “recipe’, are crucia to the consistent production of quality parts. Variations in material
behavior from an expected norm must be accounted for in both the initial conditions of the
material and, particularly, the cycle or “recipe’ driving the process equipment.

Controlling a forming or curing process

Attaining adesired final form and material characteristicsin forming or curing processes requires
effective control of force and heat application. Control of force involves application of
mechanical pressure to distort or redistribute a set volume of material. within a constraining
volume, defined by the tooling (i.e., dies) used in the process.

In the case of forming processes, the material usually requires to be more pliable than its natural
state at room temperature. Heat application then becomes an integral part of the pressure
application. For curing processes, the application of heat itself, with some pressure being applied
in certain cases, is at the core of the processes. In either case, heat control, then, must be
synchronized with force control and the state of the material must be monitored in-process to
determine the right point in the process cycle where heat and/or force application is needed.

One must also take into account the physical limitations imposed by the machinery used for the
process. Repeated extreme rates of heat or force application can lead to frequent machine
breakdowns and, consequently, make the process economically undesirable.

“Listening” to the material

In-process monitoring is not the act of collecting streams of historical data for off-line analysis,
though this is an important step in creating effective process control. When we collect
information during a dialogue, we don’'t necessarily capture every single word and nuance.
Rather, we normally record essentia points and supporting information that capture the theme or
goal of what is being exchanged.

In a smilar way, analyzing process data involves the ability, as in listening, to differentiate
between steady or normal process behavior and patterns , or events, indicating the onset of a
change in materia state.

As a ssimple example, Figure 1 shows a plot of sensor data over time during a curing process.
Point A indicates the onset of the peak, point C, in the sensor data; while B indicates that we are
past the region around C. If C is indicator of an optimum material condition for heat or force
application, understanding data patternsin A and/or B can be used to trigger that application.



Figurel

So that, creating a process “recipe’ becomes a matter of identifying those key patterns or events,
understanding their relationship to heat or force application, and finally linking that application
to the occurrence of these events.

A SOLUTION : QPA-CLIPS
QPA-CLIPS, or Qualitative Process Automation CLIPS, is a language with a supporting run-
time environment used to describe and run process “recipes’ as a set of causal linkages between
a specific sensor event(s) and application of a heat or force. The concept of qualitative process
analysis was developed as a technique for intelligent control based on interpretation of sensor
information [1]. QPA-CLIPS is an implementation of this concept in the CLIPS environment.
Architecture
The execution model of QPA-CLIPS is basically a traversal across a dependency network. The
nodes in that network describe one or more sensor events, their related application actions, and
one or more pre-conditions which must be satisfied in order to activate or traverse the node.
Traversal through a node consists of 3 phases:

(2) satisfaction of pre-conditions,

(2) detection of sensor events,

(3) performing required heat or force application.
Transition to the next phase cannot occur until successful completion of the current phase. Once
phase 3 is completed, one of the remaining nodes in the network is chosen for traversal using the
same 3-phase method. If all nodes have been traversed, traversal is halted. Pre-conditions are

either traversal through another node, unconditional (i.e. START node), or the successful
diagnostic checks on a sensor. The flow chart in Figure 2 summarizes the traversal process.
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Node traversal isimplemented as an interpreter knowledge base exploiting the underlying CLIPS
search methods.

There are currently 3 constructs making up the QPA-CLIPS language: TASK, SENSOR, and
FILTER. They are defined within the interpreter knowledge base through a set of deftemplate ‘s
[2] . The contents of a node are described by the TASK. SENSOR defines sources of raw sensor
data; while FILTER applies mathematical functions to SENSOR data. A collection of TASKs
describing a dependency network, along with the required SENSORs and FILTERS, is referred to
asaprocess model and is consistent with the GRAFCET standard based on Petri Nets[3].

TASK

TASKSs encapsulate the pre-conditions for node traversal, sensor event descriptions, and the
prescribed heat or force application. In BNF notation form, this trand ates to:

( TASK
(nane <name>)
(start-when <pre-condition>)
(1 ook-for <sensor-event>)
(then-do <application>) )

<name> is a unique label used whenever another TASK refers to this TASK throughout the
process model. <pre-condition> is a string type that can be either:

<t ask- name> COVPLETE
or

<sensor> K
or

START
In the first form, the pre-condition becomes the completion or traversal through another node, or
TASK. The second form checks completion of a diagnostic check for a sensor. Sensor
diagnostics are not currently an explicit construct in QPA-CLIPS. Rather, they are embedded in

the sensor 1/O functions integrated with CLIPS. The third form of <pre-condition> is makes that
TASK theinitial traversal point in the dependency network.

86



<sensor-event> is a string type that can have multiple occurrences of the form:
<source> <direction> <nom nal > <tol erance> <repeat >

<source> is the label for a SENSOR or FILTER providing data identifying this event.
<direction> can be RISES, DROPS, or HOLDS. The remaining items are numbers describing
respectively athreshold value that must be reached, the tolerance band around the nominal value,
and the number of times that SENSOR or FILTER data must meet this threshold-and-tolerance-
band occurrence without interruption.

So for example, the sensor event clause of
fl ow RISES 50 0.01 3

translates to data from SENSOR flow must rise at least 0.01 above 50 cc/min. for 3 consecutive
times in order to be identified as this sensor event.

<application> is of the form :
<par anet er > <anount >

where <parameter> is a label for a process parameter and <amount> is a new value or setting for
that parameter. An exampleis:

PR 5

or set pressure to 5 tons. Application of heat or force then is basically a change in the value of a
memory location which, in turn, drives the process.

SENSOR

SENSORs are one of 2 possible sources of data for a sensor event defined within a TASK and
defined as follows:

( SENSOR
(name <name>)
(mex-al | owed <val ue>)
(mn-allowed <val ue>) )

<name> is a unique label used whenever a TASK or FILTER refer to this SENSOR throughout
the process model. max-allowed and min-allowed provide the allowable range of values for the
sensor data. As an example, aflowmeter within a process model can be defined as:

( SENSOR
(name fl owneter)
(max-al | owed 100)
(mn allowed 5) )

The rate of the flowmeter can range between 5 and 100 cc/min. Currently , retrieval of sensor
data is accomplished through user-defined functions embedded within CLIPS. Association
between a SENSOR and these functions is performed through the QPA-CLIPS interpreter. The
implementation of SENSOR assumes use of one sensor for the process. This suffices for current
applications of QPA-CLIPS. However, for multiple sensor input, the SENSOR construct will be
modified to include a reference to a specific function, referred to athe SENSOR source, or:
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( SENSOR
(nane <name>)
(max-al | owed <val ue>)
(mn-all owed <val ue>)
(source <function>) )

FILTER
FILTERSs are the other source of datafor a sensor event and is defined as:

(FILTER
(nane <name>)
(max-al | owed <val ue>)
(mn-all owed <val ue>)
(change <sensor>)
(using <formula>) )

<name> is aunique label used by a TASK whenever referring to this FILTER in order to identify
a sensor event. Both max-allowed and min-allowed are used in the same manner as in SENSOR.
But, here, they refer to the calculated value created by this FILTER. <sensor> is the label
referring to the SENSOR supplying raw sensor datato this FILTER.

<formula> is a string describing the combination of mathematical functions used to trandate the
raw sensor data. so, for example, aformulastring of “SLOPE LOG” isthe equivaent of :

d(log S)/dt
where Sis the raw sensor data.

Future enhancements to the FILTER construct will be the ability for expressing formulasin more
natural algebraic terms. So, “SLOPE LOG”, for example, will take on aform like dLOG / di.

Building a process model

The first step in developing a process mode is a through description of how the process runs,
what information can be extracted about the process during a cycle run, what sensors are
available to extract this information, and how is the sensor information related to application of
heat and/or force to the material. These relationships can be investigated through techniques such
as Design of Experiments or Taguchi methods. Once they are verified, a dependency network
can be build from these relationships in order to specify aternative paths for running the process
cycle; depending on the sensor data patterns being extracted. This network can then be encoded
as aprocess model.

As a simple example, a molding process for a panel in a cabinet enclosure is now switching to a
new material, requiring that pressure be triggered based on material temperature. For this
material, a constant heat setting must be applied throughout the cycle. A sensor, called a
thermowidget, was selected to retrieve in-process material temperature. Its operating range is
500°F and 70°F. So, its SENSOR definition is:

( SENSOR
(name t her nowi dget)
(max-al | owed 500)
(mn-all owed 70))
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Two pressure applications are required by the process: an initial setting to distribute material
throughout the mold and a final setting to complete the part. The initial setting must be applied
when the material temperature reaches a value of 100°F and the final setting when the rate of
change of the material temperature is 0. We first need a FILTER to define the slope of the
temperature or:

(FILTER
(name t her nosl ope)
(max-al |l owed 10)
(mn-all owed -10)
(change t her mow dget)
(using "SLOPE") )

We achieve the pressure application through two TASKSs:

( TASK
(name first-setting)
(start-when "START")
(1 ook-for "thernow dget RISES 100 0.1 5")
(then-do "PR 2") )

( TASK
(nane final-setting)
(start-when "first-setti ng COMPLETE")
(1 ook-for "thernosl ope DROPS 0 0.01 3")
(then-do "PR 5") )

Another TASK can be added to complete the cycle and release the finished part.
RUN-TIME ENVIRONMENT

A process model is executed through a QPA-CLIPS interpreter: a CLIPS knowledge base
consisting of the deftemplate’ s defining the TASK, SENSOR, and FILTER constructs, a rule set
which carries out the interpretation cycle, and deffunction’s supporting the rule set. Underlying
this knowledge base are the user-defined functions integrating the process model with sensors
and process equipment.

The Interpreter

At the core of the interpreter are a set of rules which cycle through the currently available
TASKs in a process model and implement the 3-phase method for node traversal mentioned
above. When the QPA-CLIPS environment along with the appropriate process model is invoked,
control transfers to the TASK containing the pre-condition of START. From that point on, the
node traversal method takes over. The QPA-CLIPS interpreter knowledge base can be ported to
any CLIPS-compatible platform.

Sensor and controller integration

Sensors are integrated through user-defined functions embedded within CLIPS. They currently
interact with sensor hardware through serial (RS-232-C) communications. These functions are
the only platform dependent components within QPA-CLIPS.

Integration of heat and force application is done through a memory mapping paradigm between

sensor events and parameter settings where TASK actions, as defined in the then-do clause, are
mapped to the memory location of another control system (i.e. a PLC) which, in turn, directly
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drives process machinery (see Figure 3). These new settings then trigger signals to heaters or
motors driving the equipment.

Process PLC I:> PLC
Model I:> Memory : Logic

Figure3
CURRENT STATUS

A version of QPA-CLIPS has been demonstrated on a composite molding application. The
system consists of a SPARCStation 2 running QPA-CLIPS linked to an Allen-Bradley PLC5/40
driving amolding press. It has successfully created a number of production quality parts for ajet
engine.

FUTURE ENHANCEMENTS

Though the current version of QPA-CLIPS has been demonstrated to work successfully,

severa opportunities for enhancements have been mentioned in the description of its constructs.
In addition, other opportunities for enhancements exist in the devel opment and run-time
environments of QPA-CLIPS.

6.1 A GUI for QPA-CLIPS

Currently, a process model is created through the use of atext editor, such as emacs or textedit.
The completed model is tested on a simulated run-time environment. Taking a cue from the
visual development tools such as those found under Microsoft Windows, a graphical
development environment for a process model will greatly ease the development of a process
model. The syntax of the QPA-CLIPS constructs are ssimple enough for process engineers to
work with. Nevertheless, as process models grow in complexity, a need will arise for easy-to-use
model navigation and debugging tools seamlessly connected to the simulated run-time
environment.

Automating process model creation

Experience with developing process models has shown that the bulk of the time is actually spent
in experimentation; trying to establish the relationships between sensor data and hesat/force
application points. What is needed to streamline this aspect of the model creation process is the
partial or complete automation of the experimentation phase leading to the automatic creation of
a process model; since a new material system will require a new process model. The work on
DAT-GC by Thompson et a [4] offer agood start in that direction.

Exploiting fuzzy linguistics
In the definition of the look-for clause of a TASK construct, one needs a rather accurate

description of not only the goal or threshold value to be reached, but also a tolerance band around
that value as well as a repeatability count on the number of times in a row that the event must
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appear. There are cases where a less exacting or fuzzy [5] description will suffice. So, using our
example model from 3.2 above, the look-for clause for the final pressure application can then be:

(1 ook-for “thernosl ope dropping | MVEDI ATELY to ZERO')

IMMEDIATELY is a fuzzy term similar to the repeatability count. ZERO, on the other hand,
describes a fuzzy term associated with a range of precise values for a SENSOR or FILTER,
which can be described with a new QPA-CLIPS construct such as:

( BEHAVI OR
(nane <nane>)
(for <source>)
(range <value-list>) )

where <name> is the fuzzy term, <source> is the label for the SENSOR or FILTER, and <value-
list> contains the values defining the membership function [5] for this BEHAVIOR.

Exploiting parallelism

It goes without saying that node traversal within a process model is inherently a method that can
easily converted to parallel processing. Having a parallel version of CLIPS operating in an
affordable parallel processing platform will enable QPA-CLIPS to easily operate in a process
control scenario requiring multiple sensors.

CONCLUSIONS

QPA-CLIPS, an extension of CLIPS for process control, is a proven tool for use by process
engineers in developing control models for forming or curing processes. Its ssimple syntax and
integration into CLIPS provides a powerful, yet straightforward, way to describe and apply
control of a process driven by sensor events, or distinct patterns in sensor data. Several
enhancements have been suggested and currently strong interest exist in the automatic generation
of process models and fuzzifying the description of sensor events.
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AN IMPLEMENTATION OF FUZZY CLIPS AND ITS APPLICATIONS

Thach C. Le
The Aerospace Corporation
Information Technology Dept., M1-107
2350 E. El Segundo BI.
El Segundo, CA 90245-4691

Fuzzy Logic expert systems can be considered as an extension of traditional expert systems.
Their capability to represent and manipulate linguistic variables is a desirable feature in the
systems, such as rule-based expert systems, whose design is to capture human heuristic
knowledge. The C-Language Integrated Production System (CLIPS) developed by NASA, isa
boolean expert system shell, which has a large user base and been used to develop many
rule-based expert systems. Fuzzy CLIPS (FCLIPS), developed by The Aerospace Corporation, is
a natural extension of CLIPS to include fuzzy logic concepts. FCLIPS is a superset of CLIPS,
whose rules alow mixture of fuzzy and boolean predicates. This paper discusses the current
implementation of FCLIPS, its applications, and issues for future extensions.
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UNCERTAINTY REASONING IN
MICROPROCESSOR SYSTEMS USING FUZZYCLIPS

S.M. Yuen And K.P. Lam
Department of Systems Engineering
The Chinese University of Hong Kong
Shatin, New Territories, Hong Kong

A diagnostic system for microprocessor system design is being designed and developed. In
microprocessor system diagnosis and design, temporal reasoning of event changes occurring at
imprecisely known time instants is an important issue. The concept of time range, which
combines the change-based and time-based approaches of temporal logic, has been proposed as a
new time structure to capture the notion of time imprecision in event occurrence. According to
this concept, efficient temporal reasoning techniques for time referencing, constraint satisfaction
and propagation of time ranges have been developed for embedding domain knowledge in a
deep-level constraint model. The knowledge base of the system parameters and the temporal
reasoning techniques are implemented in CLIPS. To handle the uncertainty information in
microprocessor systems, fuzzy logic is applied. Each imprecision of time contributes to some
uncertainties or risks in a microprocessor system. The fuzzyCLIPS package has been used to
determine the risk factor of a design due to the uncertain information in a microprocessor system.
A practical MC68000 CPU-memory interface design problem is adopted as the domain problem.
The sequence of events during aread cycle is traced through an inference process to determine if
any constraint in the model is violated.
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NEURAL NET CONTROLLER FOR INLET PRESSURE
CONTROL OF ROCKET ENGINE TESTING

LuisC. Trevino
NASA-MSFC, Propulsion Laboratory
Huntsville, Alabama

ABSTRACT

Many dynamical systems operate in select operating regions, each exhibiting characteristic
modes of behavior. It istraditional to employ standard adjustable gain PID loops in such systems
where no apriori model information is available. However, for controlling inlet pressure for
rocket engine testing, problems in fine tuning, disturbance accommodation, and control gains for
new profile operating regions (for R& D) are typically encountered [2]. Because of the capability
of capturing i/o peculiarities, using NETS, a back propagation trained neural network controller
is specified. For select operating regions, the neural network controller is simulated to be as
robust as the PID controller. For a comparative analysis, the Higher Order Moment Neural Array
(HOMNA) method [1] is used to specify a second neural controller by extracting critical
exemplars from the i/o data set. Furthermore, using the critical exemplars from the HOMNA
method, a third neural controller is developed using NETS back propagation agorithm. All
controllers are benchmarked against each other.

INTRODUCTION

An actual propellant run tank pressurization system is shown in Figure 1.1 for liquid oxygen
(LOX). The plant is the 23000 gallon LOX run tank. The primary controlling element is an
electro-hydraulic (servo) valve labelled as EHV-1024. The minor loop is represented by a valve
position feedback transducer (LVDT). The major or outer loop is represented by a pressure
transducer (0-200 psig). The current controller is a standard PID servo controller. The reference
pressure setpoint is provided by a G.E. Programmable Logic Controller. The linearized state
equations for the system are shown below:

X1 = X2 — (0.8kg+C)x1 (1.2)
X = 5kg au — (0.8kg c+d)x; + X3 (1.2
x3 = 5abkg u — (0.8kg d+f)x1 + X4 (1.3
Xq=-0.8kg fx1 (1.9

where kg=1, servo valve minimum gain. Based on previous SSME test firings, the average
operating values for each state variable are determined to be

x1 = Pg:0-76 psig
X5 = T:150-300R’
X3 = V;:250-350 ft3
X4 =L:0-1inch

where
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Pg = bottom tank pressure
Ty = ullage temperature

V = ullage volume

L = valve stem stroke length

Using those ranges, the following average coefficients are algebraically determined:

a=120.05
b=289.19
c=214.30
d =5995.44
f=14.70

METHODOLOGY

1. Using a developed PID-system routine from [2], an i/o histogram is established in the
required format per [1] for a select cardinality. Figure 2.1 portrays the scheme. A ramp
control setpoint signal (from 0-120 psig) served as the reference trajectory.

» PID P SYSTEM -

—P CONTROLLER
COMMAND INLET
SETPONIT + - PRESSURE
(SP) TO SSME

: y

i/lo HISTOGRAM

I
z .

TRAIN NN & HOMNA
SERVE AS KERNAL
CONTROLLER DEVELOPMENT
|
MATLAB TRAIN NN &
DESIGN OF K SERVE AS
CONTROLLER

. ¥

SERVE AS
CONTROLLER

Figure 2.1. Scheme For Building i/o Histogram and Training Set.

2. Using the captured i/o data set and NETS back propagation algorithm, a neural network
is next established. The trained network is next simulated as the controller for the

system. Figure 2.2 illustrates the ssmulation scheme.

3. Using a developed HOMNA (KERNALS) algorithm [1], a reduced training i/o set is
specified. The input portion of the set, "S*, will provide the mapping of real time system
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inputs to the neural net controller (NNC). The output segment of the set is represented
by the last column vector of thei/o set.

4. After configuring the reduced i/o set into the needed formats, Using MATLAB, the gain
equation is executed per [1].

K=YG1=Y(SS) (2.1)
where

K = neural gainsfor single neuron layer
Y = NNC controller output signature vector
S = established matrix set of part 3, above
= any (decoupled) operation: exponential, etc.

For this project, was identical with that used in the literature of [1], namely the exponential
function. “K” serves as a mapping function of the input, via“S’ to the NNC output, u(j). Here,
u(j) serves as control input to the system and is determined by equation (2.2) [1].

uj) = K(Sx()) (2.2)

where x(j) represents the input. For this project,a five dimensional input is used and is
accomplished using successive delays. The overall HOMNA scheme is embedded in the neural
controller block of Figure 2.2

INLET
PRESSURE
TO SSME

SYSTEM -

)

NEURAL
CONTROLLER it O +l SETPOINT
COMMAND

Figure 2.2. Simulation Scheme for NNC and System

5. For select cases to be presented, integral control was presented according to the
following scheme of [1].

& y)- V) 23)
where

N = window (sampling) size
y(j) = current system output

;/(j) = desired output, or command setpoint, sp

RESULTS
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Command Integral
Case System Setpoint Noise Control
1 Neur al Net Ranp None n/ a
2 HOVWNA Ranp None None
3 HOVNA Ranp None None
4 Pl D Ranp None Pr esent
S Neur al Net Ranp Pr esent n/ a
6 HOVNA Ramp Pr esent Pr esent
7 Pl D Ramp Pr esent Pr esent
8 Neur al Net Profile None n/ a
9 HOVNA Profile None None
10 HOVNA Profile None Pr esent
11 Pl D Profile Pr esent Pr esent
12 Neur al Net Profile Pr esent n/ a
13 HOVNA Profile Pr esent None
14 HOVWNA Profile Pr esent Pr esent
151 Neur al Net Ranp None n/ a
Table 1. Case Summary
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Figure 3.11. Case 15 Simulation Results

DISCUSSION AND CONCLUSIONS

From Table 1 and the presented simulation results, the back-propagation trained and the
HOMNA neural system are proven to track varying command setpoints within the bounds of the
training i/o histogram. Without incorporation of the integration scheme of [1], the HOMNA
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system still proved its tracking ability, though with varying levels of offsets. The proportional-
integral-derivative (PID) system results exhibited no offsets due to the inherent integral scheme
of the PID controller. Based on the simulation results, it is concluded that the integration scheme
of [1] was simpler to employ with equally satisfying results (i.e., a smoother effect). Both back-
prop trained, HOMNA and PID systems proved their ability to accommodate for the varying
levels of random noise injection.

Though not shown in the table, the original i/o histogram was of cardinality 300+. Larger i/o
histogram sets were attempted with no significant difference in performance for select cases.
With more effort or other techniques, it is believed that the difference could be corrected.

In this project it was discovered that stripping the first few exemplar vectors from the i/o
histogram (or the established training set) made a significant difference in the performance. For
some cases, without stripping the first few inherent exemplar state vectors resulted in erroneous
results ranging from wide dispersion (between setpoint and system state) to complete instability.
The justification for stripping the first few exemplars stems from the scheme of [1]. That is, for
the first few exemplars there is always inherent membership in the training set kernal. For select
cases, the effects of stripping the exemplars before or after the Kernals algorithm software
routine had no indicative difference. Overall, the choice of a back-prop trained or a HOMNA
based neural controller is certainly realizable.
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A CLIPS TEMPLATE SYSTEM FOR PROGRAM UNDERSTANDING

Ronald B. Finkbine, PhD.
Department of Computer Science
Southeastern Oklahoma State University
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finkbi ne@babbage.sosu.edu

ABSTRACT

Program Understanding is a subfield of software re-engineering and attempts to recognize the
run-time behavior of source code. To this point, the success in this area has been limited to very
small code segments. An expert system, HLAR (High-Level Algorithm Recognizer), has been
written in CLIPS and recognizes three sorting algorithms, Selection Sort, Quicksort and
Heapsort. This paper describes the HLAR system in general and, in depth, the CLIPS templates
used for program representation and understanding.

INTRODUCTION

Software re-engineering is a field of Computer Science that has developed inconsistently since
the beginning of computer programming. Certain aspects of what is now software re-engineering
have been known by many names: maintenance, conversion, rehosting, reprogramming, code
beautifying, restructuring, and rewriting. Regardless of the name, these efforts have been
concerned with porting system functionality and/or increasing system conformity with
programming standards in an efficient and timely manner. The practice of software
re-engineering has been constrained by the supposition that algorithms written in outdated
languages cannot be re-engineered into robust applications with or without automation.

It is believed by this author that existing software can be analyzed, data structures and agorithms
recognized, and programs optimized at the source code level with expert systems technology
using some form of intermediate representation. This intermediate form will provide a
foundation for common tool development allowing intelligent recognition and manipulation.
This paper describes a portion of the HLAR (High-Level Algorithm Recognition) system [1].

The Levels of understanding in the software re-engineering and Computer Science fields is
displayed in Figure 1 [2]. The lowest of these, text, is realized in the ssimple file operations,
opening, reading, writing and closing. The next level is token understanding and occurs in
compilers within their scanner subsystem. Understanding at the next level, statement, and higher
generally does not occur in most compilers, which tend to break statements into portions and
correctly translate each portion, and, therefore, the entire statement. One exception is the
semantic level which some compilers perform when searching for syntactically correct but
logically incorrect segments such aswhile (3< 4) do S

] Program

Plan

Semantic

Compound Statement
Statement

Token

Text

PN WS 010N

Figure 1. Levels of Understanding
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Software re-engineering requires that higher-level understanding take place and the act of
understanding should be performed on an intermediate form. The representation method used in
this research project is the language ALICE, a very small language with a Lisp-like syntax. It is
intended that programs in existing high-level languages be trandlated into ALICE for recognition
and manipulation. This language has only five executable statements; assign, if, loop, call and
goto. All syntactic sugar is removed, replaced with parentheses. Figure 2 displays a simple
assignment statement. The goto statement is used for trandating unstructured programs and the
goal isto transform all unstructured programs into structured ones.

(assign x 0)

Figure 2. Assignment Statement
FACT REPRESENTATION

Prior to initiation of the HLAR system, programs in the ALICE intermediate form are translated
into a set of CLIPS facts which activate (be input to and fulfill the conditions of) the low-level
rules. Facts come in different types called templates (records) which are equivalent to frames and
are asserted" and placed into the CLIPS facts list. Slots (fields) hold values of specified types
(integer, float, string, symbol) and have default values. As a rule fires and a fact, or group of
facts, is recognized, a new fact containing the knowledge found will have its slots filled and
asserted. Continuation of this process will recognize alarger group of facts and, hopefully, one of
the common algorithms.

The assign statement from the previous Figure is translated into the equivalent list of facts in
Figure 2. Thisis a much more complicated representation, and not a good one for programmers,
but much more suitable for an expert system.

(general _node
(number 1)
(sibling 0)
(address "2.10.5")
(node_t ype assi gn_node))
(assi gn_node
(number 1)
(1 hs_node 1)
(rhs_node 1)
(general _node_parent 1))
(identifier_node
(number 1)
(operand 2)
(nanme "x"))
(expressi on_node
(number 1)
(operand_1 2))
(integer_literal node
(number 1)
(operand 2)
(value 1))

Figure 3. Facts List
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The code of this Figure displays a number of different templates. The general_node is used to
keep all statements in the proper order within a program and the node_type slot describes the
type of statement associated with the node. The template assign_node with its appropriate
number slot , itslhs_slot slot points to the number one operand_node, which is also pointed to by
the operand dlot in the number one identifier_node. The rhs_node slot of the assignment points to
the number one expression_node and its operand_1 slot points to the number two operand_node
which is also pointed to by the operand slot in the number oneinteger_literal _node.

Thisis amore complex representation of a program than its ALICE form, but it isin a form that
eases construct recognition. An ALICE program expressed in a series of CLIPS factsisalist and
requires no recursion for parsing. Each type of node (i.e. general, assign, identifier,
integer_literal, operand, expression) are numbered from one and referenced by that number.
Once the ALICE program is converted into afacts list, low-level processing can begin.

TEMPLATE REPRESENTATION

Templates in CLIPS are similar to records or frames in other languages. In the HLAR system,
templates are used in a number of different areas including general token, plan and knowledge
representation. A properly formed template has the general form of the keyword deftemplate
followed by the name of the template, an optional comment enclosed in double quotes and a
number of field locations identifying attributes of the template. Each attribute must be of the
simple typesin the CLIPS system: integer, string, real, boolean or symbol (equivalent to a Pascal
enumerated type) and default values of all attributes can be specified.

Currently there are three types of template recognition; general templates are used to represent
the statement sequence that constitute the original program., object templates are used to
represent the clauses, statements and algorithms that are recognized, and control templates are
used to contain the recognition process.

GENERAL TEMPLATES

The names of all the genera templates are listed in Figure 4. These are the templates that are
required to represent aprogram in alist of facts having been trandlated from its original language
whichis similar to acompiler derivation tree.

gener al _node

ar gunent _node

assi gn_node

call _node
define_routine_node
define_vari abl e_node
define_structure_node
eval uati on_node

expr essi on_node

i f _node

| oop_node

par anet er _node

pr ogr am node
identifier_node

i nteger |iteral node
struc_ref _node
struc_l en_node
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Figure 4. General Templates

The general_node referenced in this Figure is used to organize the order of the statementsin the
program. Prior to the HLAR system being initialized, a utility program parses the ALICE
program depth-first and generates the facts list needed for analysis. The general_node templateis
utilized to represent the order of the statements and contains no pointers to statement nodes. The
statement-type nodes identified in the next section contain al pointers necessary to maintain
program structure. Each token-type has its own templates for representation within an ALICE
program. Included are node types for routine definitions, the various types of compound and
simple statements, and the attributes of each of these statements. The various types of simple
statement nodes contain pointers back to the general_node to keep track of statement order.
These statement node templates contain the attributes necessary to syntactically and semantically
reproduce the statements as specified in the original language program, prior to trandation into
ALICE.

In an effort to reduce recognition complexity, which is the intent of this research, specialty
templates for each item of interest within a program have been created. An earlier version of this
system had different templates for each form, instead of one template with a symbol-type field
for specification. This refinement has reduced the number of templates required, thus reducing
the amount of HLAR code and the programmer conceptual-difficulty level. The specialty
templates are listed in Figure 5.

spec_cal |
spec_par anet er
spec_exp
spec_assi gn

| oop_al gorithm
spec_eval

m ni mum al gorit hm
swap_al gorithm
if_algorithm
sort_al gorithm

Figure 5. Special Templates
OBJECT TEMPLATES

Expressions are the lowest-common denominator of program understanding. They can occur in
nearly al statements within an ALICE program. To reduce the complexity of program
under standing, each expression for which we search is designated as a specia expression with a
specified symbol-type identifier. Expressions and structure references present a particular
problem since they are mutually recursive as expressions can contain structure references and
structure references can contain expressions. This problem came to light as the HLAR system
became too large to run on the chosen architecture (out of memory) with the number of
templates, rules and facts present at one time. Separation of the rules into several passes required
that expressions and structure references be detected within the same rule group. Examples a[i]
and a[i+1] > a[i] represent these concepts.

Figure 6 contains the specialty template for expressions. This template contains a number of
fields for specific values, but most of interest is the field type _exp. Identifiers that represent
specific expressions are listed as the allowed symbols. Complexity is reduced in this
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representation since multiple versions of the same statement can be represented by the same
symbol. An example istwo versions of avariable increment statement; x=x+ landx= 1+ X.

(deftenpl ate spec_exp
(field type_exp
(type SYMBOL) (default exp_none)
(al I owed-synbol s
exp_none exp_0 exp_1 exp_id
exp _first exp div_id 2
exp_plus_id 1 exp mnus_id 1
exp_plus_id 2
exp_mnus_id 2 exp_mult_id 2
exp_plus div_id 2 1
exp_mnus _div_id 2 1
exp_div_plus_id.id 2
exp_ge id id exp_gt _const _id
exp_gt id id exp_gt_id const
exp_ gt id mnus_id 1
exp It id mnus_id 1
exp_gt strucid strucid
exp It _strucid strucid
exp It _strucid struc_plus_id 1
exp_gt strucid.id
exp_ne_id_ true
exp_or gt idmn.id1ne.id.t
exp_or gt id.idne_id.t
exp_strucfirst))
d 1 (type INTEGER) (default 0))
id 2 (type INTEGER) (default 0))
id 3 (type INTEGER) (default 0))
xp_nr (type INTEGER) (default 0)))

Figure 6. Expression Template

Recognition of various forms of the assign statement occurs within the variable rules of HLAR.
Common statements such as increments and decrements are recognized, as well as very specific
statementssuchasx=y/2+ 1.

Variable analysis is performed from one or more assign statements. The intent is to classify
variables according to their usage, thus determining knowledge about the program derived from
programmer intent and not directly indicated within the encoding of the program. An example
would be saving the contents of one specific location of an array into a second variable such as
small = a[0].

Next come the multiple or compound statements such as the if or loop statements. These
statements are the first of the two-phase rules to fire a potential rule and an actual rule. The
potential rule checks for algorithm form as is defined against by the standard algorithm. The
actual rule verifies that the proper statement containment and ordering is present. This allows for
smaller rules, detection of somewhat buggy source code and elimination of false positive
algorithm recognition.

111



The loop and if statements are the first compound statements that are handled within HLAR.
Both have an eval clause tested for exiting the loop or for choosing the boolean path of the if.
Both of these statements require a field to maintain the limits of the control of the statement.
Generally, a loop or if statement will contain statements of importance within them and the
concept of statement containment will be required to be properly accounted for.

Higher-level algorithms, such as a swap, minimization, or sort, require that subplans be
recognized first. This restriction is due to the size of the Clips rules. The more conditional
elementsin arule, the more difficult and unwieldy for the programmer to develop and maintain.

Control templates are listed in Figure 7. These are used to control the recognition cycle within
Clips. Control templates are necessary after preliminary recognition of a plan by a potential rule
to allow for detection of any intervening and interfering statements prior to the firing of the
corresponding actual rule.

not fire
assert_nots_scal ar
asserts_not _struc

Figure 7. Control Templates

Figure 8 is a hierarchical display of the facts from the previous Figure. It expresses the
relationships among the nodes and shows utilization of the integer pointers used in this
representation.

general_node 1

assign_node 1
7 N\

operand_node 1 expression_node 1

identifier node1 ~ ©OPerand_node?2
vaue"x" |

integer_literal _node 1
value 1

Figure8.
STATEMENT RECOGNITION

This section will describe the recognition process of a smple variable increment as displayed in
Figure 9 as an example of the recognition process. The first rule firing will recognize a special
expression, an identifier plus the integer constant one. The second rule firing will recognize a
variable being assigned a special expression and a third rule will recognize that the identifier on
the right hand side of the statement and the variable on the left hand side are the same, thus
signifying an incrementing assignment statement.
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(assign x (plus x 1))

Figure 9. Variable Increment

These three rule firings process one statement and further rule conditional elements will attempt
to group this statement with related statements to recognize multi-statement constructs. An
example would have this assign statement within a loop statement, and both preceded by an x =
O initialization statement. This would indicate that the variable x is an index of the loop
statement.

SUMMARY AND FUTURE RESEARCH

This research has lead to the development of a template hierarchy for program understanding
and a general procedure for developing rules to recognize program plans. This method has been
performed by the researcher, but will be automated in future versions of this system.

There are currently three agorithm plans recognized including the selection sort (SSA),
quicksort (QSA) and heapsort (HSA). The SSA requires 50 rule firings, the QSA requires 90
firings, and the HSA, the longest of the algorithms at approximately 50 lines of code and taking
over 60 seconds on a Intel 486-class machine requires 150 firings. The complete HLAR
recognition system contains 31 templates, 4 functions, and 135 rules.

The research team intends to concentrate on algorithms common to the numerical community.
The first version of the HLAR system has been successful at recognizing small algorithms (less
than 50 lines of code). Expansion of HLAR into arobust tool requires: rehosting the system into
a networking environment for distributing the recognition task among multiple CPUS,
automating the generation of recognition rules for improved utility, attaching a database for
consistent information and system-wide (multiple program) information, and a graphical user-
interface.
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GRAPHICAL SEMANTIC DATA EXTRACTION: A CLIPS APPLICATION

G. Giuffrida, C.Pappalardo and G. Stella
University of California
CSATI - Catania
Los Angeles CA 90024

This paper presents a CLIPS application to perform semantic data extraction from maps. The
given input is avery large set of maps, each map reproduces a reduced area of a phone network.
Severa basic graphical elements (nodes, connecting links, descriptive text) have been used for
drawing such maps. Standards have been defined over the graphical elements (shape, size, pen
thickness, etc.) in order to make a more uniform graphical representation among the set of maps.
At drawing time no semantic meta-data have been associated to the maps; all the objects have
been drawn only for the sake of graphical representation and printing.

The new generation of powerful GIS systems have so created the stimulous and the need of a
richer data description. Metadata are required in order to get out the most from such graphical
representations. Sophisticated graphical query/asnwering mechanism will be made available to
the user once the enriched set of data will migrate to a GIS system. Purpose of this application is
to create the required metaknowledge starting from the flat graphical representation of the input
maps. Examples of metadata of interest are: association between links and text describing
technical characteristics of such links; connectivity graph, classification of nodes.

The discussed application is strongly based on graphical reasoning; CLIPS set of built-in
functions was extended in order to implement computational geometry algorithms. A graphical
version of CLIPS, namely G-CLIPS, has been created to properly support implementation of our
application. Interesting general purpose graphical features are then availablein G-CLIPS.
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USING EXPERT SYSTEMS TO ANALYZE ATE DATA

Jm Harrington
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MS 673-4
13350 US Highway 19 N.
Clearwater FL, 34624
harrington@space.honeywell.com

ABSTRACT

The proliferation of Automatic Test Equipment (ATE) is resulting in the generation of large
amounts of component data. Some of this component data is not be accurate due to the presence
of noise. Analyzing this data requires the use of new techniques. This paper describes the process
of developing an expert system to analyze ATE data and provides an example rule in the CLIPS
language for analyzing trip thresholds for high gain/high speed comparators.

INTRODUCTION

We are seeing a proliferation of “Simple” Automatic Test Equipment (ATE) based on personal
computers. Large quantities of test data is being generated by these test stations. Some of this
data will not accurately represent the true characteristics of the equipment being tested,
particularly when the power supply in the personal computer is being used to power the ATE
circuitry. This paper discusses a methodology for developing an expert system to examine the
datafiles generated by the ATE. This expert system can be used to produce a datafile containing
the “most probable’ data values with the effect of power supply noise removed. These “most
probable” data values are based on specific statistical processes and special heuristics selected by
the rule base.

THE NEED FOR A NEW APPROACH OF DATA ANALYSIS

Power supply noise can become a significant source of error during testing of high speed/high
accuracy Analog to Digital (A/D) and Digital to Analog (D/A) converters (10-bits or greater) or
high speed/high gain comparators. This power supply noise can cause:

°  erratic datavalues from an A/D converter,

° wandering analog outputs (which can translate to harmonic distortion) from a D/A
converter, and

° falsetriggersfrom acomparator.

A 10-bit A/D converter, optimized to measure voltages in the 0 to 5 V range, has a voltage
resolution of 4.88 mV (i.e., the least significant bit--L SB--represents a voltage step of 4.88 mV).
The 5 volt power bus on a personal computer (i.e., an IBM or third party PC) can have noise
spikes in excess of 50 milivolts (mV). These noise spikes can, therefore, represent an error of
greater than ten times the value of the L SB.

Even though the noise spikes on the PC power bus are considered high frequency (above a

hundred Megahertz), high speed A/D converters and high speed comparators can capture enough
energy from them to affect their operation.
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The power supply noise is both conducted and radiated throughout the PC enclosure. Simple
power line filters do not prevent noise from entering the ATE circuitry and affecting the tests
being performed. Much of the noise is cyclic in nature, such as that resulting from Dynamic
Random Access Memory (DRAM) refresh and 1/0 polling. Other noise can be tied to specific
events such as disk access.

The best method of improving the accuracy of the ATE is proper hardware design. Using power
line filters does provide some noise isolation. Metal enclosures can also reduce susceptibility to
radiated emissions. Noise canceling designs will also help. Self powered, free standing ATE
which isoptically coupled to the PC is probably the cleanest solution (from a power supply noise
perspective). However, there are cases when an existing design must be used, or when cost
and/or portability factors dictate that the ATE be housed within the PC. In these situations, an
expert system data analysts can be used to enhance the accuracy of the test data.

The Traditional Software Approach

The traditional software approach to remove noise from a data sample is to take several readings
and average the values. This approach may be acceptable if the system accuracy requirement is
not overly stringent. A procedural language such as FORTRAN would be a good selection for
implementing a system that just calculates averages. If A/D or D/A linearity is being tested, the
averaging approach may not be accurate enough. The problem with this particular approach is
that al of the data values that have been “obviously” affected by noise (as defined by “an
expert”) are pulling the average away from the true value.

The Expert System Approach

An expert system could be devised to cull out the “noisy” data values before the average is taken,
resulting in a more accurate average. The problem is to develop an expert system that can be
used to identify when noise might be effecting a data value.

THE PROCESS

The first step in developing an expert system to remove noisy data from the calculations is to
define how the noise affects the circuits. For example, a voltage ramp is frequently used to test
the linearity of an A/D converter and the trip points of a comparator. How does noise on that
voltage ramp affect the performance of the circuitry being tested?

As avoltage source ramps down from 5 volts to @ volts, noise can cause high speed A/D
converters to output a data set with missing and/or repeated data values. Figure 1 shows the
possible effect of random noise on the output of an A/D converter; the dataline in this graph
represents the source voltage that has been corrupted by noise and then quantized to represent the
output of an A/D converter. Even though the general trend may be linear, the actual datais not.

Noise on a @ to 5 volt ramp can cause a high speed comparator to change states too early or too
late. Another common effect of noise on acomparator is a“bouncy” output (turning on and off in
quick succession before settling to either the “on” or “off” state). Figure 2 shows the effect of
noise on the output of the comparator.

The next step isto identify how the noise appears on the output of the equipment being tested. As
seen in Figure 1, noise can cause runs of numbers with the same output from the A/D converter
(e.0., three values in succession that the A/D converter interprets as 4002 mV). We also see
missing data codes (as in the run of 3919, 3919, 3933, 3933--repeating the data values 3919 and
3933 but missing the data values 3924 and 3929 mV). Figure 2 shows an unexpected “on” and
“off” cycle from the comparator before the voltage ramp reached the true trip point of 3970 mV.
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An additional cycle to the off state occurs at the end of the grapg as seen in the comparator
output going to 0 V, it should have stayed in the high (+5 V) state.
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Figure 1. A/D Output Errors Caused by a Noisy Voltage Source

For brevity, the rest of this paper focuses on the comparator example; the approaches discussed
for the comparator are directly applicable to the A/D converter as well.
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Figure 2. Comparator Output With a Noisy Source Signal
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In most test set-ups, there will be no synchronization between any cyclic noise in the PC and the
data acquisition process because most computer systems fill a buffer before dumping the data to
the disk drive (thisis ture unless the code generated for data acquisition goes through the specific
process of “read data” “forced write to the disk” “read data” “forced write to the disk” etc.). This
means that the cyclic noise will affect the data at random times during the data taking process.
The non-cyclic random noise will, of course, appear at random times. Therefore, if we repeat the
test multiple times, the noise should manifest itself at different places in the test sequence each
time.

The noise shown in Figures 1 and 2 is random, with peaks as high a 50 mV. These plots were
constructed to demonstrate the effect of noise on the circuitry. Under normal conditions, with the
test voltage generated in a PC, the actual source voltage would look like the data shown in Figure
3. The “Source Voltage ramp” in Figure 3 shows noise spikes as high as 65 mV at regular
intervals. The area between the noise spikes has some low—Ilevel asynchronous noise. The
results of the combination of low level random noise and high level cyclic noise on a comparator
is shown at the bottom of the graph (the voltage trip level is still set at 3970 mV).
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Figure 3. Noise Waveform During Test

Table 1 lists the voltages at which the comparator output shifts between @V and 5 V. The table
also shows the voltages of the initial “bounce” on and off (“Off to On #1” and “On to Off #1"),
and the inadvertent bounce off and back on (“On to Off #2” and “ Off to On #3"). A basic set of
rules starts to emerge when this noise spectrum is combined with knowledge of the effect of
noise on the data taking process.

DEVELOPING THE RULE SET
Three sets of data were accumulated for each threshold analysis. These data sets were separated
in time by only seconds as the ATE reset itself; this meant that the basic environmental factors

were fairly consistent (an important factor when using any statistical process on data). The
following rules are shown in order of precedence, from most important to least important.
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Salience levels were used to ensure the most important rule would fire before a rule of lesser
importance.

Once the optimum data value is selected by arule, the data is written to an output file. The old
data is then removed from the fact list to prevent a rule of lower precedence from firing and
changing the data value again.

Comparator ID| Off toOn#1|Onto Off #1| Off toOn #2| On to Off #2| Off toOn # 3

001 3974 3972 3968 3922 3920

Table 1. Comparator Input Threshold Voltage Test

Rule 1

Thefirst rule developed was one of common sense. If the comparator does not show any bounces
in any of the three data sets, and the data values are identical, that value should be used.

Rule 2

The second rule is similar. If two of the three data sets contain no bounces and the comparator
output changes from @V to 5 V at the same input ramp voltage, the data value found in those
two data sets is used. This rule takes effect (is instanciated) regardless of the number of bounces
in the third data set (i.e., the third data set could contain a single trip level or 3 trip levels—-asin
Figure 3--or 100 trip levels). In mathematical terms this is called selecting the mode of the data
(i.e., the most commonly repeated value in a data set [1]).

The second rule handles the possible situation of the noise spike occurring just prior to the time
the true source voltage exceeds the trip level. The noise spike would cause the comparator to trip
early. The philosophy behind the rule is that the high level noise spikes seen in Figure 3 can
cause the comparator to switch early in one data set, but the probability of the noise spike
affecting two data sets the same way is extremely low.

Thisrule will aso fireif none of the three data sets have bounces, and the values are the same. If
both rule 1 and rule 2 fire, the trip level will be recorded in the output file twice. Repeated datain
the output file can cause other data analysis programs to have problems. This is the reason the
old data (the data used to infer the optimum trip level) is removed by each rule that fires; so that
the rule with the highest precedence will remove the trip level data, preventing a secondary rule
from aso firing.

Rule 3

The next rule handles the case where no bounces are detected, but the trip levelsin the three data
sets are all different. In this situation, it is difficult to determine which data set contains good
data and which might contains noisy data. We decided to average the two closest together values.
This averaging represents the effect of finding atrip level that is between two stepsin the voltage
ramp (e.g., the addition of low-level noise causing the comparator to trip at one level one time
and another level the second time). If all three data values are equally dispersed, the average of
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all three values is taken. The mathematics used to implement this rule in effect takes the median
of the data when all three data sets were used (an easy way of selecting the average of three
equally dispersed numbers).

In hindsight, another method of approaching the same rule is to track the interval of the 65 mV
noise spike. By tracking the last occurrence of comparator output bounces, the period of the large
cyclic noise spike can be determined (this approach requires an additional pass through the data
to determine the period of the cyclic noise). The period of the cyclic noise can be used as an
additional constraint, and the data set(s) that are closest to the middle of their periods can be
averaged.

At this point, we have covered al of the easy rules. The following rules rely more on heuristics
developed by the project research team (i.e., the domain experts).

Rule 4

The fourth rule covers the case when two of the data sets contain no bounces, but the data values
are different, and the third file contains bouncy data. In this situation, we decided to average the
data from the two non-bouncy data sets. An additional precaution was added to thisrulein that if
either of the two values is more than £5% from the average value, the operator is notified of the
comparator being tested and the two trip voltage levels.

Rule 5

If only one of the data sets doesn’t contain bouncy data, the data value of that one data set is
used. This rule covers the case when “the experts’ feel that two of the data sets are affected by
some high level noise spikes. It is “felt” that the one file non-bouncy data set contains the most
accurate trip level on the most frequent basis.

Rule 6

The final case iswhen all three data sets contain bounces. This means that all three data sets have
been affected by noise. In Figure 3, the noise spikes are only one reading increment wide. Both
the on-off cycle and the off-on cycle are in the inverted state for one data reading. The difference
between the first two data valuesin Table 1 is 2 mV; thisis aso true for the last two data values.
The difference between the second and third data valuesis 4 mV, and the difference between the
third and fourth data values is 46 mV. The comparator settles to the “On” state at 3968 mV. The
rule that forms out of this analysisisto select for the trip level (when the comparator turns “On”)
the voltage that has the greatest difference between it and the adjacent “ Off” voltage (e.g., in
Figure 3, the trip level would be selected as 3968 mV, the point which starts the 46 mV span
before the next “ Off” spike).

The average of all 5 data values is 3951.20 mV; an error of 16.8 mV compared to the 3968 mV
trip level. The average of the 3 values which cause an “ Off to On” transition of the comparator is
3954 mV; an error of 14 mV. Theincrease in accuracy is easily seen in this example. But, we are
not done yet. What if all of the transitions of the comparator occur at equal voltage intervals?

Thereisno clear cut heuristic when al of the “Off to On” and “On to Off” data values are evenly
spaced. The system we developed defaulted to the first “Off to On” transition. Depending on the
system implementation, the middle “ Off to On” transition may be the best selection.

The coding of thisruleisalittle tricky. The code in Figure 4 shows how this rule could be
implemented in CLIPS.
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(defrul e Conpronise
"This rule finds the nost probable data value out of a set of bounces"

(Evaluate_Data) ; flag fact that allows the conpronise rule to function
?0rig_Data <- (?seté&set_1|set_2|set3 $?data) ;get the data
(test (>= (length $?data) 2)) ;test for bounces

=>
(retract ?Orig Data) ;Get rid of the data set that is to be replaced
(bind ?elenents (length $?data))
(if (evenp ?el enents)
t hen
(assert (7?set 0)) ;Bit ended in original state--no data
el se
(bind ?delta 0) ;Set up the variable to find the |argest difference
(bind ?y 2) ;Pointer to the first even nunber (position) data val ue
(while (<= ?y ?el enents)
(bind ?x (- ?y 1)) ;Pointer to the position preceding ?y
(bind ?z (+ ?y 1)) ;Pointer to the position follow ng ?y
(bind ?test_val (abs (- (nth ?x $?data) (nth ?y $?data))))
(if (> ?test_val ?delta)
t hen
(bi nd ?poi nter ?x)
(bind ?delta ?test_val))
(bind ?test_val (abs (- (nth ?y $?data) (nth ?z $?data))))
(if (> ?test_val ?delta)
t hen
(bi nd ?pointer ?z)
(bind ?delta ?test_val))
(bind ?2y (+ ?y 2))) ;lncrenment ?y to the next even position
; put the new data on the fact |ist
(assert (?set =(nth ?pointer $?data)))))

Figure 4. CLIPS Code Implementing Rule Number 6

The actual searching of the data set is performed in the “while” statement found on the right hand
side of the rule (the “then” part of the rule, found after the “=>" symbols).

Rule 6 is be performed on all three data sets separately. Remember that this rule is invoked only
when bounces are seen in al three data sets. This point helps to alleviate some of the worry
surrounding the case where all of thetrip levels are equally dispersed. Once all three data sets are
evaluated and a single voltage level is selected, the three new values are put on the fact list to be
operated on by the first 5 rules. Only rules number 1 through 3 actually apply since none of the
data generated by rule 6 would contain bounces.

CONCLUSIONS

This process demonstrates a new approach to anayzing data taken by ATE. Increases in
accuracy of 14 to 17 mV is demonstrated in rule 6. The other rules select the heuristic or
statistical procedure used to determine the best data value from the multiple data sets provided.

This paper illustrates the method of developing a set of rules, implementable in CLIPS, for
defining the presence of noisein a data set and for removing the noisy data from the calculations.
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ABSTRACT

This paper describes flight results from the use of a CLIPS-based validation facility to compare
analyzed data from a space life sciences (SLS) experiment to an investigator’s pre-flight model.
The comparison, performed in real-time, either confirms or refutes the model and its predictions.
This result then becomes the basis for continuing or modifying the investigator’s experiment
protocol. Typically, neither the astronaut crew in Spacelab nor the ground-based investigator
team are able to react to their experiment datain real time. This facility, part of a larger science
advisor system called Principal-Investigator-in-a-Box, was flown on the Space Shuttle in
October, 1993. The software system aided the conduct of a human vestibular physiology
experiment and was able to outperform humans in the tasks of data integrity assurance, data
anaysis, and scientific model validation. Of twelve pre-flight hypotheses associated with
investigator’' s model, seven were confirmed and five were rejected or compromised.

INTRODUCTION

This paper examines results from using a CLIPS-based scientific model validation facility to
confirm, or refute, a set of hypotheses associated with a Shuttle-based life-science experiment.
The model validation facility was part of alarger software system called “Pl-in-a-Box” (Frainier
et a., 1993) that was used by astronauts during the October, 1993 Spacelab Life Sciences 2
(SLS-2) mission. The model validation facility (called Interesting Data Filter in the Pl-in-a-Box
system) compares the output of the scientific data analysis routines with the investigator’s pre-
flight expectations in real-time.

The model validation facility compares analyzed data from the experiment with the investigator’ s
model to determine its fit with pre-flight hypotheses and predictions. The fit can be either
statistical or heuristic. Deviations are reported as “interesting”. These deviations are defined as
“needing confirmation”, even if not part of the original fixed protocol. If confirmed, then at least
aportion of the theoretic model requires revision. Further experiments are needed to pinpoint the
deviation. This idea is at the heart of the iterative process of “theory suggesting experiment
suggesting theory”.

THE ROTATING DOME EXPERIMENT

The Pl-in-a-Box software system was associated with a flight investigation called the Rotating
Dome Experiment (RDE). This was an investigation into the effects of human adaptation to the
micro-gravity condition that exists in Earth-orbiting spacecraft. A sensation, called “angular
vection”, was induced in a set of human subjects by having them view a rotating field of small,
brightly-colored dots. After a few seconds, the subject perceives that s/he is rotating instead of
the constellation of dots. This perception of self-rotation generally persists throughout the time
that the dots are rotating, though occasionally the subject realizes that it isin fact the dots that are
rotating. This sudden cessation of the sensation of vection istermed a “dropout”. With the RDE,
the field of dots rotates in a set direction (clockwise/counter-clockwise) with a set speed for 20
seconds. There is a 10-second pause, and then the rotation resumes (though with a new direction
and/or angular speed). There are six such 20-second trials for each experiment run.
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There are three experiment conditions for RDE subjects. In the first, called “free-float”, the
subject grips a biteboard with his/her teeth in front of the rotating dome (and is otherwise
floating freely). In the second, called “tether”, the subject is loosely tethered to the front of the
rotating dome without the biteboard. In the third, called “bungee’, the subject is attached to the
“floor” of the laboratory by a set of bungee cords, again teeth gripping a biteboard.

There are eight main parameters measured with respect to angular vection during the RDE. Four
of these parameters are “subjective’”, meaning that the subject consciously reports them by
manipulating a joystick/potentiometer: These are the time interval from the start of dome rotation
to the onset of the sensation of vection (measured in seconds), the average rate of perceived
vection (expressed as a percent of the maximum), the maximum rate of perceived vection (also
expressed as a percent of the maximum), and the number of times during a 20-second trial that
the sensation suddenly ceases (the dropout count, an integer). The remaining four parameters are
“objective”, meaning that the subject’s involuntary movements are recorded. These are the first
and second head movements associated with the torque strain gage mounted on the biteboard and
the same head movements associated with subject neck muscle activity detectors
(electromyograms). These eight parameters were measured for each 20-second trial of arun.

In the flight system, twelve distinct hypotheses were identified. These were all associated with
the joystick-generated subjective parameters. They are:

1. There should be some sensation of angular vection.

2. Theaveragetime for the onset of the sensation of vection for the six trials of arun
should be greater than 2 seconds’.

3. Theaveragetimefor the onset of the sensation of vection for the six trials of arun
should be less than 10 seconds.

4. Early inamission, before adaptation to micro-gravity is significantly underway, the
average of the six trials' maximum sensation of vection should be |ess than 90%.

5. Lateinamission, after adaptation to micro-gravity is complete, the average of the six
trials’ maximum sensation of vection should be more than 80%.

6. Tactile cues decrease the sensation of vection, therefore, the average of the six trials

maximum sensation of vection for a free-float run should be more than that of a bungee

run.

The average of the six trials' average sensation of vection should be more than 30%.

The average of the six trials’ average sensation of vection should be less than 80%.

Tactile cues decrease the sensation of vection, therefore, the average of the six trials

average sensation of vection for afree-float run should be more than that of a bungee

run.

10. There should be at least one dropout during a bungee run.

11. There should not be an average of more than two dropouts per trial during afree-float
run.

12. The average of the six trials' dropout count for a free-float run should be less than that of
a bungee run.

©ooN

MODEL VALIDATION

Real-time, quick-look data acquisition and analysis routines extract significant parameters from
the experiment that are used by the model validation facility (see Figure 1). With the RDE,
predictions were formed on the basis of data from two sources. The first source was previously-
collected flight data. (The RDE was flown on three earlier missions. SL-1, D-1, and SLS-1.) The

* Strictly speaking, the numeric value of this hypothesis (and most other hypotheses) was subject to adjustment on a
subject-by-subject basis as aresult of pre-flight "baseline data’ measurements. This was due to the significant
variability between individual human subjects.
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second source was from SLS-2 crew responses recorded on earth before the flight during
baseline data collection sessions. These predictions were used to define thresholds that, if
violated, indicated significant deviations from the investigator’s model. Many space life-sciences
investigations (including the RDE) are exploratory in nature, and the investigator team expected
significant deviations for perhaps 20% of the experiment runs. When detected, these deviations
were made available for display to the astronaut-operator. It is then that the reactive scientist
briefly reflects on the situation and try to exploit the information to increase the overall science
return of the experiment. This would most likely result in a change to the experiment protocol.

{ Diagnosis/Troubleshooting/Repair

/

Data Acquisition-»-| Data | ntegrity Assurance

\ Data Analysis

\ Model Validation

\ Protocol Management

Figure 1. Flow of control.

For the Pl-in-a-Box system, the model validation facility was named the Interesting Data Filter
(IDF). The IDF was a set of CLIPS rules and facts that compared current experiment results with

the investigator’ s preflight expectations. There were approximately two dozen rules’ and 40 facts
that comprised the pre-flight hypotheses.

FLIGHT RESULTS
Results of the flight use with respect to the 12 hypotheses are listed in Table 1:

* the first column identifies the hypothesis number from the list of hypotheses presented
earlier.

* the second column is the binomial probability of observing the given outcome assuming
95% of the run results agree with the model.

» thethird column is our conclusion with respect to the hypothesis given the overall SLS-2
flight evidence. The hypothesis is rejected when the probability of observing the flight
results given the hypothesis is < 0.001; it is compromised when the probability of
observing the flight results given the hypothesis is < 0.01; it is suspectt when the
probability of observing the flight results given the hypothesis is < 0.05; and it is
accepted otherwise.

TSee Appendix for listing of CLIPS rules.
+This case does not occur for this data set.
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» thefourth column summarizes the mission results. Thisis expressed as a ratio where the
denominator represents the number of experiment runs producing data that bears on the
hypothesis and the numerator represents the subset of those experiment runs whose data
supports the hypothesis. The entry “n/a’ denotes that the hypothesis was not applicable
to that flight day.

» thelast three columns present a more detailed view of the results from each of the three
flight days (fd) when the system was in use.

These results indicate that seven of 12 pre-flight hypotheses were accepted. Five hypotheses
were either rejected or compromised, indicating a need to modify the existing model with respect
to the pattern of human adaptation to weightlessness over time, with respect to the importance of
dropouts as an indication of adaptation, and with respect to the influence of tactile cues.

hyp # | probability result mission total FD2 FD8 FD11
1 1.0000 accepted 38/38 12/12 14/14 12/12
2 0.2642 accepted 18/20 6/6 8/8 4/6
3 1.0000 accepted 38/38 12/12 14/14 12/12
4 1.0000 accepted 12/12 12/12 n/a n/a
5 0.0000 rejected 0/12 n/a n/a 0/12
6 0.0040 compromised 17/22 3/4 9/10 5/8
7 0.8576 accepted 37/38 11/12 14/14 12/12
8 1.0000 accepted 38/38 12/12 14/14 12/12
9 0.0040 compromised 17/22 4/4 8/10 5/8
10 0.0000 rejected 5/13 14 3/5 14
11 1.0000 accepted 13/13 4/4 5/5 4/4
12 0.0009 rejected 14/22 4/4 5/10 5/8

Table 1. Flight data confirmation of vection-related hypotheses.
CONCLUSION

A scientific model validation facility has been devised for space science advisor systems that
appearsto be a useful framework for confirming or refuting pre-flight hypotheses. This facility is
a key step to achieving truly reactive space-based laboratory science.
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APPENDIX: MODEL VALIDATION FLIGHT RULE-SET
7y ;these rules follow CLIPS v4.3 syntax

;;start up | DF
(defrule idf-startup
(idf)
(di sk-drive ?disk)
(interface-directory ?dir)
=>
(bind ?predictions-file (str_cat ?disk ?dir “BDC-predictions”))
(bind ?input-file (str_cat ?disk ?dir “idf-input”))
(l oad-facts ?predictions-file)
(l oad-facts ?input-file)
(assert (idf-result not-interesting)) ; the default result
(open (str-cat ?disk ?2dir “idf-stats”)
idf-stats “w’)) ; no append wo file size linmt checking

;; formula: SD square = (1/n)(sumof squares - (square of sun)/n)
(defrule conmpute_statistics for_six trials

(decl are (salience 10))

(?paraneter trial _data ?t1 ?2t2 ?t3 ?t4 ?t5 ?t6)

=>

(bind ?sum (+ (+ (+ (+ (+ ?t1 ?t2) ?t3) ?t4) ?t5) ?t6))

(bind ?sum of squares (+ (** ?2t1 2) (** ?2t2 2) (** ?t3 2)

(** ?2t4 2) (** ?2t5 2) (** ?t6 2)))

(bind ?nean (/ ?sum 6))

(bind ?SD square (/ (- ?sum.of_squares (/ (** ?sum 2) 6)) 6))

(bind ?SD (sqrt ?SD square))

(assert (?parameter sum ?sum)

(assert (?paraneter sum of squares ?sum of squares))

(assert (?paraneter experinent_result ?nean))

(assert (?paraneter standard deviation ?SD)))

;;; Paraneter-specific rules to detect interestingness

;7 ONSET_OF_VECTI ON

;; Onset of vection is interesting if it’s non-existent
;; (that is, less than 0.03 seconds)
(defrul e no-vection-detected
(decl are (salience 5))
(Onset _OF _Vection experiment_result ?x& (< ?x 0.03))
=>
(assert (no-vection-detected)))

(defrul e no-vection-detected--interesting
(decl are (salience 5))
(no-vecti on-det ect ed)
(Maxi mum Vection_Intensity experinent_result ?x& (< ?x 10))
=>
(assert (Onset O _Vection conclusion potentially interesting
“No vection was detected.”)))

;; Onset of vection is interesting if it’s consistently < threshold
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;7 (but >= 0.03)
(defrul e onset_of _vection_|l ess_than_2
(Onset _OF _Vection experinment_result ?mean_found)
(subj ect ?subj)
(BDC- dat um ?subj qui ck_onset ?threshol d)
(test (and (> ?nean_found 0.03) (< ?nean_found ?threshold)))
=>
(bind ?nsg (str_cat “Mean onset of vection is |less than
?threshold “ seconds”))
(assert (Onset_ O _Vection conclusion potentially_ interesting ?nsg)))

;; Onset of vection in flight is interesting if it’'s
;; consistently > threshold
(defrul e onset_of _vection_greater_than_10
(environment flight)
(subj ect ?subj)
(BDC- dat um ?subj sl ow onset ?threshol d)
(Onset _OF _Vection experinment_result
?mean_found& (> ?nean_found ?threshol d))
=>
(bind ?nsg (str_cat “Mean onset of vection is greater than
?threshold “ seconds”))
(assert (Onset O _Vection conclusion potentially interesting ?nsg)))

;o MAXI MUM_VECTI ONLI NTENSI TY

(defrule early_interesting_maxi numvection
; Early in flight (Day 0 / Day 1), nmaxi mumvection is
; interesting if it's consistently > threshol d.
(environnent flight)
(day 0] 1)
(subj ect ?subj)
(BDC- dat um ?subj early_hi _max ?threshol d)
(Maxi nrum Vection_Intensity experinent_result
?mean_found& (> ?nean_found ?threshol d))
(not (no-vection-detected))
=>
(bind ?nsg (str_cat “Max vection intensity mean is greater than
?threshold “9%))
(assert (Maxi num Vection_Intensity concl usion
potentially interesting ?nsg)))

(defrule late_interesting_maxi mumvection
; Late in the flight, maxi numvection is interesting
; If it’s consistently < threshold
(environment flight)
(day ?day& (> ?day 7)) ; “Late” is Day 8 or later
(subj ect ?subj)
(BDC-dat um ?subj late_| o_max ?threshol d)
(Maxi mum Vection_Intensity experinent_result
?mean_found& (< ?nean_found ?threshol d))
(not (no-vection-detected))
=>
(bind ?nBg (str_cat “Max vection intensity nean is |less than
?threshold “9%))

“

130



(assert (Maxi num Vection_Intensity concl usion
potentially interesting ?nsg)))

;; Max vection is interesting if tactile > free-fl oat
(defrul e free-bel ow bungee--interesting--nmaxi munmvection
(body position free-flt)
(Maxi num Vection_Intensity experinment _result ?ff)
(Maxi mum Vection_l ntensity runni ng_nean
?val & (> ?val ?ff)) ; bungee nean
=
(assert (Maxi mum Vection_Intensity conclusion potentially_interesting
“Subj’s max. vection < bungee cond. nmax. vection”)))

(defrul e bungee-above-free--interesting--nmaxi numvection
(body_positi on bungee)
(Maxi rum Vection_Intensity experinment_result ?b)
(Maxi mum Vection_Intensity running_mean
?val & (> ?b ?val)) ; free-float nean
=>
(assert (Maxi mum Vection Intensity conclusion potentially interesting
“Subj’s max. vection > free-float cond. max. vection”)))

;» AVERAGE_VECTI ON_I NTENSI TY

(defrule | ow average vection_intensity
; Average vection intensity is interesting if it’s consistently < threshold
(environment flight)
(subj ect ?subj)
(BDC-dat um ?subj | o_average ?threshol d)
(Average_Vection_ Intensity experinent _result
?mean_found& (< ?nean_found ?threshol d))
(not (no-vection-detected))
=>
(bind ?nsg (str_cat “Avg. vection intensity nean is less than *
?threshold “%))
(assert (Average_ Vection_Intensity concl usion
potentially interesting ?nsg)))

(defrul e high_average_vection_intensity
; Average vection intensity is interesting if it’s consistently > threshold
(environment flight)
(subj ect ?subj)
(BDC- dat um ?subj hi _average ?threshol d)
(Average_Vection_lntensity experiment_result
?mean_f ound&: (> ?nean_found ?threshol d))
(not (no-vection-detected))
=>
(bind ?nsg (str_cat “Avg. vection intensity nean is greater than
?threshold “%))
(assert (Average_Vection_Intensity conclusion potentially_interesting

?nsg)))

;; Average vection is interesting if tactile > free-fl oat
(defrul e free-bel ow bungee--interesting--average-vection
(body_position free-flt)
(Average_Vection_lntensity experinment_result ?ff)
(Average_Vection_Intensity running_mean
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?val & (> ?val ?ff)) ; bungee nean
=>
(assert (Average_Vection_Intensity conclusion potentially_interesting
“Subj’s ave. vection < bungee cond. ave. vection”)))

(defrul e bungee-above-free--interesting--average-vection
(body_position bungee)
(Average_Vection_lntensity experiment_result ?b)
(Average_Vection_lntensity runni ng_nean
?val & (> ?b ?val)) ; free-float mean
=>
(assert (Average Vection Intensity conclusion potentially interesting
“Subj’s ave. vection > free-float cond. ave. vection”)))

;; DROPQUTS

;7 Nunber of dropouts is interesting if it’'s
;; consistently O under tactile conditions
(defrule interesting dropouts tactile
(environnent flight)
(body_position bungee)
(Dropouts experiment_result 0)
(not (no-vection-detected))
=>
(assert (Dropouts conclusion potentially interesting
“There were no dropouts with bungees attached”)))

;; Nunber of dropouts is interesting if it’'s
;; consistently >2 under free-float conditions
(defrule interesting_dropouts free
(environnent flight)
(body_position free-flt)
(Dropouts experiment_result ?mean_found& (> ?mean_found 2))
=>
(assert (Dropouts conclusion potentially interesting
“Mean nunber of free-float dropouts is greater than 2")))

;; Nunber of dropouts is interesting if tactile consistently < free-fl oat
(defrul e free-above-bungee--interesting--dropouts

(body_position free-flt)

(Dropouts experinment_result ?ff)

(Dropouts running _nean ?val & (> ?ff ?val)) ; bungee nean

=>

(assert (Dropouts conclusion potentially_interesting

“Subj’s dropout count > bungee cond. dropout count”)))

(defrul e bungee-bel owfree--interesting--dropouts
(body_position bungee)
(Dropouts experinment_result ?b)
(Dropouts running _nmean ?val & (< ?b ?val)) ; free-float nean
=>
(assert (Dropouts conclusion potentially_interesting
“Subj’s dropout count < free-float cond. dropout count”)))

;. OQUTPUT STATS
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(defrule output _idf stats
(?paraneter experinment_result ?mean)
(?paraneter standard devi ation ?SD)
(body_position ?cond)
(subj ect ?subj)
=>
(fprintout idf-stats “Subject: “ ?subj “ Cond: “ ?cond
“ “ ?paraneter mean: ?mean “ SDi “ ?SD crlf))

;; Qutput Interestingness info to “Session Hi story”
;; file for Session Manager
(defrule record-interestingness--start

(decl are (salience -100))

(?paraneter conclusion ?interesting ?source)

?f <- (idf-result not-interesting)

(di sk-drive ?di sk-drive)

(interface-directory ?interface-dir)

(retract ?f)

(assert (idf-result interesting))

(open (str-cat ?disk-drive ?interface-dir “history-session”)
hi story-session “a”

(assert (record-interestingness)))

; potentially interesting => medium

; certainly_interesting => high

(defrule record-interestingness
(record-interestingness)
?int <- (?paraneter conclusion ?interesting ?source)
(subj ect ?subj)
(body_position ?cond)
(current-step ?step)
(this-session ?session)

(retract ?int)
(if (eq ?interesting potentially interesting)
then (bind ?level nedium
el se (bind ?level high))
(fprintout history-session “(int-hist class interesting session
?session “ step “ ?step “ subj *
?subj “ cond “ ?cond “ source “ ?source “ level *
?level “)” crlf))

“

(defrule record-interestingness--end
(record-interestingness)
(not (?paraneter conclusion ?interesting ?source))
=>
(cl ose)
(assert (ctrl--stop idf)) ; inhibit rules-control “abnormal” nessage
(printout “hyperclips” “interesting”)) ; return to HyperCard

(defrule no-interesting-results
(decl are (salience -200))
(idf-result not-interesting)
=>
(cl ose)
(assert (ctrl--stop idf))
(printout “hyperclips” “as-expected”)) ; return to HyperCard
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ABSTRACT

As today’ s software becomes increasingly complex, the need grows for intelligence of one sort
or another to become part of the application- often an intelligence that does not readily fit the
paradigm of one’s software devel opment.

There are many methods of developing software, but at this time, the most promising is the
Object Oriented (OO) method. This method involves an analysis to abstract the problem into
separate ‘Objects that are unique in the data that describe them and the behavior that they
exhibit, and eventualy to convert this analysis into computer code using a programming
language that was designed (or retrofitted) for OO implementation.

This paper discusses the creation of three different applications that are analyzed, designed, and
programmed using the Shlaer/Mellor method of OO development and C++ as the programming
language. All three, however, require the use of an expert system to provide an intelligence that
C++ (or any other ‘traditional’ language) is not directly suited to supply. The flexibility of
CLIPS permitted us to make modifications to it that allow seamless integration with any of our
applications that require an expert system.

We illustrate this integration with the following applications:

1. An After Action Review (AAR) station that assists a reviewer in watching asimulated
tank battle and developing an AAR to critique the performance of the participants in the
battle.

2. Anembedded training system and over-the-shoulder coach for howitzer crewmen.

3. A systemto identify various chemical compounds from their infrared absorption spectra.
Keywords - Object Oriented, CLIPS
INTRODUCTION

The goal of the project was to develop a company methodology of software development. The
requirement was to take Object Oriented Anaysis (done using the Shlaer-Mellor method) and
efficiently convert it to C++ code. The result was a flexible system that supports reusability,
portability and extensibility. The heart of this system is a software engine that provides the
functionality the Shlaer/Mellor Method [2, 3] alows the analyst to assume is available. This
includes message passing (inter-process communication), state machines and timers. CLIPS
provides an excellent example of one facet of the engine. Its portability is well-known, and its
extensibility allowed us to embed the appropriate portions of our engine into it. We could then
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modify its behavior to make it pretend it was a natural object or domain of objects. This allowed
us to add expert system services to any piece of software developed using our method (and on
any platform to which we have ported the engine).

OBJECT ORIENTED METHODS

The principal concept in an OO Method is the object. Many methods include the concept of
logically combining groups of objects. The logic behind determining which objects belong to
which grouping is as varied as the names used to identify the concept. For example, Booch [4]
uses categories and Rumbaugh [5] uses aggregates. Shlaer/Mellor uses domains [3]. Objects are
grouped into Domains by their functional relationships; that is, their behavior accomplishes
complementary tasks.

Figure 1 shows that the operating system is its own domain. It is possible the operating has very
little to do with being OO, but it is useful to model it as part of the system. Another significant
domain to note is the Software Architecture Domain. This is the software engine that provides
the assumptions made in analysis. The arrows denote the dependence of the domain at the
beginning of the arrow upon the domain at the end of the arrow. If the model is built properly, a
change in any domain will only affect the domains immediately above it. Notice there are no
arrows from the main application (Railroad Operation Domain) to the Operating System
Domain. This means a change in operating systems (platforms) should not require any changesin
the main application. However, changes will be required in the domains of Trend Recording,
User Interface, Software Architecture and Network. The extent of those changes is dependent on
the nature of the changes in the operating system. But this does stop the cascade effect of a minor
change in the operating system from forcing a complete overhaul of the entire system.

While CLIPS could be considered an object, the definition of domains makes it seem more
appropriate to call it adomain.

THE SOFTWARE ENGINE
The portion of the software engine that is pertinent to CLIPS is the message passing. The event
structure that is passed is designed to model closely the Shlaer/Mellor event. We have
implemented five (5) kinds of events:

[Figure Deleted]

Figure 1. Domain Chart for Automated Railroad Management System
Copied from page 141 (Figure 7.4.1) of [3]

1. Standard Events: events passed to an instance of an object to transition the state model

2. Class Events: events dealing with more than one instance of an object

3.  Remote Procedure Calls (RPCs): An object may provide functions that other objects can
call. One object makes an RPC to another passing some parameters in, having some
calculations performed and receiving a response.

4. Accesses: An object may not have direct access to data belonging to another object. The
data other objects need must be requested via an accessor.

5. Return Events: the event that carries the result of an RPC or Access event
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The event most commonly received by CLIPS is the Class Event. CLIPS is not a true object.
Therefore it has no true instances, and Standard Events are not sent to it. CLIPS is more likely to
make an RPC than to provide one. It is possible that an object may need to know about a certain
fact in the fact base, so receiving an Access is possible. Should CLIPS use an RPC or Access, it
will receive a Return Event. RPCs and Accesses are considered priority events so the Return
Event could be handled as part of the function that makes the call.

The events themselves have al of the attributes of a Shlaer/Mellor event, plus a few to facilitate
functionality. The C++ prototype for the function Send Mesg is:

voi d Send_Mesg (char* Destination
Event Types Type,
unsi gned | ong Event Nunber,
char* Dat a,
unsi gned int DatalLength = 0,
voi d* InstancelD = O,
unsigned long Priority = 0);

The engine is currently written on only two different platforms: a Sun 4 and an Amiga. CLIPS,
with its modifications, was ported to the Amiga --along with some applications software that was
written on the Sun-- and required only a recompile to work. This level of portability means that
only the engine needs to be rewritten to move any application from one platform to another.
Once the engine is ported, any applications written using the engine (including those with CLIPS
embedded in them) need only be recompiled on the new platform and the port is complete.
Companies are already building and selling GUI builders that generate multi-platform code so
the GUI doesn’t need to be rewritten.

The Unix version of the Inter-Process Communication (IPC) part of the engine was written using
NASA’s Simple Sockets Library. Since al versions of the engine, regardiess of the platform,
must behave the same way, we have the ability to bring a section of the software down in the
middle of arun, modify that section and bring it back up without the rest of the system missing a
beat. In the worst case, the system will not crash unrecoverably.

MODIFICATIONS TO CLIPS

Since the software engine is written in C++, at least some part of the CLIPS source code must be
converted to C++. The most obvious choice is main.c, but this means the UserFunctions code
must be moved elsewhere since they must remain written in C. | moved them to sysdep.c.

The input loop has been moved to main.c because all input will come in over the IPC as valid
CLIPS instructions. The stdin input in CommandL oop has been removed, and the function is no
longer aloop. The base function added to CLIPS is:

(RETURN event _nunber destination data)

This function takes its three parameters and adds them to alinked list of structures (see Figure 2).
When CommandL oop has completed its pass and returns control to main.c, it checks the linked
list and performs the IPC requests the CLIPS code made (see Fig. 3). RETURN handles the
easiest of the possible event types that can be sent out: Class Events. To handle Standard Events,
some way of managing the instance handles of the destination(s) needs to be implemented. To
handle Accesses and RPCs some method of handling the Return events needs to be implemented.
The easiest way is to write a manager program. Use RETURN to send messages to the Manager.
The event number and possibly part of the data can be used to instruct the Manager on what
needs to be done.

137



RETURN () main ()

extract parameters from call init CLIPS

allocate anew element for the list begin loop

fill inthe structure Get Message

add structure to the list set command string
} call CommandL oop

check output list

if there are elementsin the structure
make the appropriate send messages

end loop

}

Figure 2. Pseudocode for function RETURN Figure 3. Pseudocode for main ()

Sending instructions and information into CLIPS requires a translator to take Shlaer/Mellor
events and convert them to CLIPS valid instructions. In Shlaer/Méellor terms this construct is
called aBridge.

With these changes CLIPS can pretend it is anatural part of our system.
EXAMPLES

This system has been successfully used with three different projects. An After Action Review
Station for reviewing a simulated tank battle, an Embedded Training System to aid howitzer
crewmen in the performance of their job and a chemical classifier based on a chemical’sinfrared
absorption spectra.

The After Action Review (AAR) station is called the Automated Training Analysis Feedback
System or ATAFS. See Figure 4 for itsdomain chart. Itsjob isto watch a simulated tank battle
on a network and aid the reviewer in developing an AAR in a timely manner. It does so by
feeding information about the locations and activities of the vehicles and other pertinent data
about the exercise to the expert system. The expert system watches the situation and marks
certain events in the exercise as potentially important. ATAFS will then use this information to
generate automatically askeleton AAR and provide tools for the reviewer to customize the AAR
to highlight the events that really were important.

[Figure Deleted]
Figure 4. ATAFS Domain Chart
In an early version of the system, ATAFS was given the location of a line-of-departure, a phase-
line and an objective. During the simulated exercise of four vehicles moving to the objective,
CLIPS was fed the current location of each vehicle. CLIPS updated each vehicle s position in its

fact base and compared the new location with the previous location in relation to each of the
control markings. When it found a vehicle on the opposite side of a control mark than it
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previously was, it RETURNed an appropriate event to ATAFS. Upon being notified that a
potentially interesting event had just occurred, ATAFS is left to do what ever needs to be done.
CLIPS continues to watch for other eventsit is programmed to deem interesting.

Embedded Training (ET) is acoaching and training system for howitzer crewmen. See Figure 5
for its domain chart. It provides everything from full courseware to simple reminders/checklists.
It also provides a scenario facility that emulates real world situations and includes an expert
system that watches the trainee attempt to perform the required tasks. During the scenario the
expert system monitors the trainee’s activities and compares them to the activities that the
scenario requires.

[Figure Deleted]
Figure 5. ET Domain Chart

It adjusts the user’s score according to his actions and uses his current score to predict whether
the user will need help on a particular task. All of the user’s actions on the terminal are passed
aong to CLIPS, which interprets them and determines what the he is currently doing and
attempting to do. Having determined what the user is doing, CLIPS uses its RETURN in
conjunction with a manager program to access data contained in various objects. This data is
used by CLIPS to determine what level of help, if any, to issue the user. The decision is then
RETURNed to ET which supplies the specified help.

The chemical analysis system [6] designed by Dr. Metzler and chemist Dr. Gore takes the
infrared (IR) spectrum of a chemical compound and attempts to identify it using a trained neural
net. In the course of their study, they determined the neural net performed significantly better
when some sort of pre-processor was able to narrow down the identification of the compound.
CLIPS was one of the methods selected. The IR spectrum was broken down into 52 bins. The
value of each of these bins was abstracted into values of strong, medium and weak. Initially three
rules were built: oneto identify ethers, one for esters and one for aldehydes (Figure 6).
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(defrule ester
(bin 15 is strong)
(or (bin 24 is str ong)
(or (bin 25 is strong)
(bin 26 is strong))
(and (or (bin 22 is str ong)
(bin 23 is strong)
(bin 24 is strong))
(or (bin 25 is str ong)
(bin 26 is strong)
(bin 27 is strong)))
(and (bin 28 is medium)
(or (bin 22 is strong)
(bin 23 is strong)
(bin 24 is strong))))
=>
(RETURN 1 “IR_Classifi er” “compound is an ester’))

Figure 6. Example of a Chemical Rule

The results of this pre-processing were RETURNed to the neural net which then was able to
choose a module specific to the chosen functional group. Later, the output from another pre-
processor (a nearest neighbor classifier) was also input into CLIPS and rules were added to
resolve differences between CLIPS initial choice and the nearest-neighbor’s choice.

CONCLUSIONS

CLIPS proved to be a very useful tool when used in this way. In ET and ATAFS, the Expert
System Domain could easily be expanded to use a hybrid system similar to that of the Chemical
Analysis problem, or use multiple copies of CLIPS operating independently or coordinating their
efforts using some kind of Blackboard. In many applications, intelligence is not the main
concern. User interface concerns in both ET and ATAFS were more important than the
intelligence. ET has the added burden of operating in conjuction with a black box system
(software written by a partner company). ATAFS' biggest concern was capturing every packet
off of the network where the exercise was occurring and storing them in an easily accessible
manner. The flexibility of C++ is better able to handle these tasks than CLIPS, but is not nearly
as well suited for representing an expert coaching and grading a trainee howitzer crewman or
reviewing a tank battle. While recognizing individual chemical compounds would be tedious
task for CLIPS (and the programmer), recognizing the functional group the compound belongs to
and passing the information along to a trained neural net isalmost trivial.

Expert systems like CLIPS have both strengths and weaknesses, as do virtually al other methods
of developing software. Object Oriented is becoming the most popular way to develop software,
but it still has its shortfalls. Neural nets are gaining in popularity as the way to do Artificia
Intelligence, especially in the media, but they too have their limits. By mixing different methods
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and technologies, modifying and using existing software to interact with each other, software can
be pushed to solving greater and greater problems.
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ABSTRACT

Many of today’s intelligent systems are comprised of severa software modules, perhaps written
in different tools and languages, that together help solve the users' problem. These systems often
employ a knowledge-based component that is not accessed directly by the user, but instead
operates “in the background” offering assistance to the user as necessary. In these types of
modular systems, an efficient, flexible, and easy-to-use mechanism for sharing data between
programs is crucial. To help permit transparent integration of CLIPS with other Macintosh
applications, the Al Research Branch at NASA Ames Research Center has extended CLIPS to
allow it to communicate transparently with other applications through two popular data-sharing
mechanisms provided by the Macintosh operating system; Apple Events (a “high-level” event
mechanism for program-to-program communication), and AppleScript, a recently-released
scripting language for the Macintosh. This capability permits other applications (running on
either the same or aremote machine) to send a command to CLIPS, which then responds asif the
command were typed into the CLIPS dialog window. Any result returned by the command is
then automatically returned to the program that sent it. Likewise, CLIPS can send several types
of Apple Events directly to other local or remote applications. This CLIPS system has been
successfully integrated with a variety of commercial applications, including data collection
programs, electronic forms packages, DBMSs, and email programs. These mechanisms can
permit transparent user access to the knowledge base from within a commercial application, and
allow asingle copy of the knowledge base to service multiple usersin a networked environment.

INTRODUCTION

Over the past few years there has been a noticeable change in the way that “intelligent
applications’ have been developed and fielded. In the early and mid-1980s, these systems were
typicaly large, monalithic systems, implemented in LISP or PROLOG, in which the inference
engine and knowledge base were at the core of the system. In these “KB-centric” systems, other
parts of the system (such as the user interface, file system routines, etc.) were added on once the
inferential capabilities of the system were developed. These systems were often deployed as
multi-megabyte “SY SOUTS" on special-purpose hardware that was difficult if not impossible to
integrate into existing user environments.

Today, intelligent systems are more commonly being deployed as a collection of interacting

software modules. In these systems, the knowledge base and inference engine serve as a
subordinate and often “faceless’” component that interacts with the user indirectly, if at all.
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Severa such systems have been deployed recently by the Artificial Intelligence Research Branch
at NASA’s Ames Research Center:

The Superfluid Helium On-Orbit Transfer system (or SHOOT) was a modular expert system that
monitored and helped control a Space-Shuttle-based helium transfer experiment which flew
onboard the Endeavor orbiter during mission STS-57 in June, 1993. In that system, a CLIPS
based knowledge system running on a PC |aptop on the Shuttle's Aft Flight Deck was embedded
in a custom-developed C program that helped crew members (and ground controllers) perform
transfer of cryogenic liquids in microgravity.

The Astronaut Science Advisor (also known as “Pl-in-a-Box”, or ssimply “[PI]”) was another
modular system that flew onboard the Space Shuttle in 1993 ([3]). [PI] ran on a Macintosh
PowerBook 170 laptop computer and helped crew members perform an experiment in vestibular
physiology in Spacelab. This system was comprised of a CLIPS-based knowledge system that
interacted with HyperCard (a commercia user interface tool from Claris Corporation and Apple
Computer) and LabVIEW (a commercial data acquisition tool from National Instruments) to
monitor data being collected by the crew and offer advice on how to refine the experiment
protocol based on collected data and, when necessary, troubleshoot the experiment apparatus. In
that system, CLIPS ran as a separate application and communicated with HyperCard via
specially-written external commands (XCMDs) that were linked into the HyperCard application.

The Prototype Electronic Purchase Request (PEPR) system ([1] and [2]) is yet another modular
system that motivated the enhancements being described in this paper. The PEPR system uses a
CLIPS-based knowledge system to validate and generate electronic routing slips for a variety of
electronic forms used frequently at NASA Ames. A very important part of the PEPR system’s
capabilitiesisthat it is able to work “seamlessly” with several commercia applications.

Interestingly, these applications represent a progression of integration techniques in which the
knowledge-based component interacts with custom-developed programs. This progression starts
with tightly-coupled, “linked” integration of components (in SHOQT), to integration via custom-
built extensions to a specific commercia product (in [PI]), and finally to a general-purpose
integration mechanism that can be used with a variety of commercia products (in PEPR).

REQUIREMENTS FOR THE PEPR SYSTEM

A brief description of the PEPR system will help explain how we determined our approach to the
problem of integrating CLIPS with other commercial applications.

Our primary goal in the development of the PEPR system was to demonstrate that knowledge-
based techniques can improve the usability of automated workflow systems by helping validate
and route electronic forms. In order to do this, we needed to develop a prototype system that was
both usable and provided value in the context of a real-world problem. This meant that in
addition to developing the knowledge base and tuning the inference engine, we also needed to
provide the users with other tools. These included software to fill out electronic forms and send
them between users, as well as mechanisms that could assure recipients of these forms that the
senders were really who they appeared to be, and that the data hadn’'t been altered, either
accidentally or malicioudly, in transit. We also wanted to provide users with a way by which to
find out the status of previously-sent forms, in terms of who had seen them and who hadn’t.

Of course, we didn’t want to have to develop al of these other tools ourselves. Thankfully,
commercia solutions were emerging to help meet these additional needs, and we tried to use
these commercia tools wherever possible. Our challenge became, then, how to best integrate the
CLIPS-based knowledge system component with these other commercial tools.
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OUR FIRST TRY AT COMPONENT INTEGRATION: KEYBOARD MACROS

Our initial integration effort was aimed at developing a “seamless’ interface between the
knowledge system and the electronic forms package (which of course was the primary user
interface). Our first try was to use a popular keyboard macro package to simulate the keystrokes
and mouse clicks that were necessary to transfer the data from the forms program to CLIPS. The
keyboard macro would, with a single keystroke, export the data on the form to a disk file, switch
to the CLIPS application, and then “type’ the (reset) and (run) commands (and the requisite
carriage returns) into the CLIPS dialog window. This would then cause CLIPS to read in and
parse the data from the exported file.

This worked fairly well, and was reasonably easy to implement (that is, it did not require
modifying any software). However, the solution had several serious drawbacks. Firgt, it required
that the user have the keyboard macro software (a commercial product) running on his or her
machine. Also, the macro simply manipulated the programs user interface, and was therefore
very distracting for the user because of the flurry of pull down menus and dialog boxes that
would automatically appear and disappear when the macro was run. Most importantly, however,
was that the keyboard macro approach required each user to have their own copy of CLIPS and
the knowledge base running locally on their machine. This, of course, would have presented
numerous configuration and maintenance problems; the “loadup” files would have to be edited to
run properly on each user’'s machine, and fixing bugs would have involved distributing new
versions of the software to all users (and making sure they used it). Another drawback was that
we found that the keyboard macros would often “break” midway through their execution and not
complete the operation. This would, of course, have also been very frustrating for users. As a
result, this early system, although somewhat useful for demonstrations, was never put into
production.

OUR SECOND TRY: APPLE EVENTS

Our next attempt at integrating the electronic forms package with CLIPS was motivated by a
demonstration we saw that showed that it was possible to integrate the forms package we had
selected with a commercial DBMS. In this demo, a user was able to bring up an electronic order
form, and enter information such as, say, a vendor number. When the user tabbed out of the
Vendor Number field, the forms software automatically looked up the corresponding information
in a “vendor table” in a commercial DB running on a remote machine. The vendor’s name and
address automatically appeared in other fields on the form.

Of course, this sort of data sharing is quite common in many data processing environments.
However, we found this capability exciting because it involved two Macintosh applications
(including our forms package of choice), from different vendors, cooperating across an
AppleTak network, with virtualy no assistance from the user. This was exactly the sort of
“seamless’ behavior we were seeking.

This functionality was provided by what are known as “Apple Events’, a “high-level event
mechanism” that is built into “System 77, the current mgjor release of the Macintosh operating
system. We were encouraged by the fact that the forms package we had selected supported the
use of Apple Events to communicate with external programs. We thought it might be possible to
implement our desired inter-program interface by making CLIPS mimic the DBMS application
with respect to the sending and receiving of Apple Events. However, the particular set of Apple
Events supported by that version of the forms software was limited to interaction that particular
DBMS product. This was problematic for several reasons. First, the set of Apple Events being
used were tailored to interaction with this particular data base product, and it wasn't clear how to
map the various DB constructs they supported into CLIPS. Second, it would have required a
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considerable amount of programming effort to develop what would have been the interface
between a specific forms product and a specific data base product. We wanted to minimize our
dependence on a particular product, in case something better came aong in the way of a forms
package or aDBMS.

So, we ended up not implementing the DB-specific Apple Event mechanism. However, we were
still convinced that the Apple Event mechanism was one of the keys to our integration goals, and
did implement several more general Apple Event handlers, which are described below.

WHAT ARE APPLE EVENTS?

The following provides a brief description of the Apple Event mechanism. As mentioned above,
Apple Events are a means of sharing data between to applications, the support for which is
included in System 7. An Apple Event has four main parts. The first two components are a 4-
character aphanumeric “event class’ and a 4-character “event ID”. The third component
identifies the “target application” to which the event is to be sent. The actual datato be sentisa
collection of keyword/data element pairs, and can range from a simple string to a complex,
nested data structure. (In addition to these, there are several other parts of the event record which
specify whether a reply is expected, a reply time-out value, and whether the target application
can interact with a user.) From a programmer’s perspective, these events are created, sent,
received, and processed using a collection of so-called “ToolBox” callsthat are available through
system subroutines.

Although Apple Events are a “general purpose’” mechanism for sharing data between programs,
programs that exchange data must follow a pre-defined protocol that describes the format of the
events. These protocols and record formats are described in the Apple Event Registry, published
periodicaly by Apple Computer.

Event Class: M SC

Event ID: DOSC
Target App: <Processl D>
Event Data: " ----"

"(load \"MYKB. CLP\")"

Figure 1. An Example Apple Event

Figure 1 shows an example of a“do script” event that might be sent to CLIPS. The event classis
“MISC”, and the event ID is “dosc”. The 4-dash “parameter keyword” identifies the string as a
“direct object” parameter, and is used by the receiving program to extract the data in the event
record. The protocol associated with the “do script” event in the Apple Event Registry callsfor a
single string that contains the “script” to be executed by the target application. In this example,
it's a CLIPS command for loading a knowledge base file. This example shows the simplest data
format. More complex Apple Events may require numerous (and even embedded) keyword/data
pairs.
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The Apple Event mechanism is very powerful. However, we wanted a more flexible solution to
our needs of integrating CLIPS with the commercia forms application. It would have required
considerable effort to implement a Apple-Event based programmatic interface between CLIPS
and the other applications with which we needed to share data. That is, we didn’t want to have to
code specific Apple Event handling routines for every other application we were using. This
would have made it very difficult to “swap in” different applications should we have needed to.
What we needed was a way by which we could use the power of Apple Events to communicate
between CLIPS and other programs, but make it easier to code the actual events for a given
program.

OUR THIRD TRY: APPLESCRIPT

Just as we were trying to figure out the best way to link CLIPS with the other programs we
wanted to use, we learned about a new scripting technology for the Mac called AppleScript. This
new scripting language provides most of the benefits of Apple Events (and isin fact based on the
Apple Event mechanism) such as control of and interaction with Macintosh applications running
either locally or remotely. In addition, it offers some other benefits that pure Apple Event
programming does not. For example, using AppleScript, one is able to control and share data
with an ever-growing array of commercial applications, without having to understand the details
of the application’s Apple Event protocol. AppleScript comes with a reasonably simple Script
Editor that can be used to compose, check, run, and save scripts. In addition to providing all the
constructs that one might expect in any programming language (variables, control, 1/0O
primitives) it is also extendible and can even be embedded in many applications.

The thing that made AppleScript particularly appealing for our use was that it utilized the Apple
Event handlers that we had already added to CLIPS. All that was necessary to permit the
“scriptability” we desired was the addition of a new “Apple Event Terminology Extension”
resource to our aready-modified CLIPS application. This AETE resource simply provided the
AppleScript Editor (and other applications) with a “dictionary” of commands that CLIPS could
understand, and the underlying Apple Events that the AppleScript should generate.

Another very appealing aspect of integrating programs with AppleScript is more and more
commercial software products are supporting AppleScript by becoming scriptable. That of course
makes it much easier to take advantage of new software products as they come along. For
example, we recently upgraded the forms tracking data base used by the PEPR system. We were
able to replace a “flat-file’ data base package with a more-powerful relational DBMS product
with only minor modifications to the AppleScript code linking the DB to the other applications.
This would have been far more difficult (if even possible) had we relied solely on integration
with AppleEvents.

The main disadvantage to using AppleScript rather than Apple Events is that AppleScript is
somewhat slower than sending Apple Events directly. However, the increased flexibility and
power of AppleScript more than compensates for the comparative lack of speed.

tell application "CLIPS" of nmachine "My Mac"
of zone "Engi neeri ng"
do script "(reset)"
do script "(run)"
set nyResult to evaluate "(send [w ng-1] get-weight)"
display dialog "Wng weight is " & nyResult
end tell
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Figure 2. An example AppleScript program

Figure 2 shows an example script that could be used to control CLIPS remotely. There are
several things to note in this example. First, the commands are passed to CLIPS and executed as
though they had been entered into the Dialog Window. The example shows both the “do script”
command (which does not return a result) and the “evaluate” command (which does). The
example also shows a “display dialog” command which is built in to AppleScript and displays
the result in amodal dialog box. Of particular interest is that the CLIPS application is running on
another Macintosh, which is even in another AppleTak zone.

SPECIFIC CLIPS EXTENSIONS

The following paragraphs describe the actual CLIPS extensions that have been implemented to
support the functionality described above. Note that some of these extensions were actually
implemented by Robert Dominy, formerly of NASA Goddard Space Flight Center.

Receiving Apple Events

It's now possible to send two types of Apple Events to CLIPS. Each takes a string that is
interpreted by CLIPS as though it were a command typed into the Dialog Window. The format of
these Apple Events is dictated by the Apple Event Registry, and they are a'so supported by a
variety of other applications. Note that CLIPS doesn’t currently return any syntax or execution
errors to the program that sent the Apple Events, so it is the sender’ s responsibility to ensure that
the commands sent to CLIPS are syntactically correct.

The “do script” Event

The “do script” event (event class = MISC, event ID=DOSC) passes its data as a string which
CLIPS interprets as if it were a command that were typed into the Dialog Window. It returns no
value to the sending program.

The “evaluate” Event

The “evaluate” event (event class = MISC, event ID=EVAL) is very similar to the do script
event, and also passes its data as a string which CLIPS interprets as if it were a command that
were typed into the Dialog Window. However, it does return a value to the sending program.
Thisvalueis aways astring, and can be up to 1024 bytesin length.

Sending Apple Events from CLIPS

The two Apple Events described above can also be sent by CLIPS from within a knowledge
base. Of course, the application to which the events are sent must support the events or an error

will occur. However, as mentioned above, the “do script” and “evaluate” events are very
common and supported by many Mac applications.

SendAEScript Command

The SendAEScript command sends a “do script” event and can appear in a CLIPS function or in
the right-hand-side of arule. The syntax of the SendAEScript command is as follows:

(SendAEScri pt <target app> <command>)

In the above prototype, <t ar get app> isan “application specification” and <cormand> isavalid
command understandable by the target application. An application specification can have one of
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three forms; a simple application name, a combination application name, machine name and
AppleTak Zone name, or a process identifier (as returned by PPCBrowser, described below).
The sendAEScri pt command returns zero if the command is successfully sent to the remote
application, and a variety of error codes if it was not. Note that a return code of zero does not
guarantee that the command was successfully executed by the remote application; only that it
was sent successfully .

The following examples show each of the application specification types.

CLI PS>( SendAEScri pt "HyperCard" "put \"hello\" into nsg")
0
CLI PS>

The above example sends a“do script” Apple Event to HyperCard running on the local machine,
and causes it to put “hello” into the HyperCard message box.

CLI PS>

(SendAEScri pt "HyperCard" "John's Mac" "R&D' "put \"hello\" into nsg")
0

CLI PS>

The above example sends a similar “do script” Apple Event to HyperCard running on a computer
called “John’s Mac” in an AppleTak zone named “R&D”. Note that it is necessary to “escape”
the quote characters surrounding the string “hello” to avoid them being interpreted by the CLIPS
reader.

SendAEEval Command

The SendAEEval command is very similar to the SendAEScript command, differing only in that
it returns the value that results from the target application evaluating the command.

(SendAEEval <target app> <command>)

The following examples show CLIPS sending a simple command to HyperCard running on the
local machine:

CLI PS> (SendAEEval "HyperCard" "word 2 of \"my dog has fleas\" ")
n dogll
CLI PS>

Note that the result returned by SendAEEval is always a string, e.g.:
CLI PS> (SendAEEval "HyperCard" "3 + 6")

g

CLI PS>

The SendAEEval command does not currently support commands that require the target
application to interact with its user. For example, one could not use SendAEEval to send an "ask"
command to HyperCard.

PPCBrowser Command
The PPCBr owser function permits the CLIPS user to select an AppleEvent-aware program that is

currently running locally or on aremote Mac. This command brings up a dialog box from which
the user can click on various AppleTalk zones, machine names and “high-level event aware”
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applications. It returns a pointer to a “process ID” which can be bound to a CLIPS variable and
used in the previously-described “send” commands.

CLI PS>(def gl obal ?*nyapp* = (PPCBrowser))
CLI PS> ?*nyapp*
<Poi nter: OOFF85E8>

The above example doesn’t show the user’ s interaction with the dialog box.
GetAEAddress Command

The Get AEAddr ess function is similar to PPCBrowser in that it returns a pointer to a high-level
aware application that can then be bound to a variable that’s used to specify the target of one of
the “SendAE” commands described earlier. Rather than presenting a dialog box to the user,
however, it instead takes a “target app” parameter similar to that described above.

(Get AEAddress <target app>)

The following example shows the GetAEAddress function being used to specify the target of a
SendAEEval function call.

CLI PS> (defgl obal ?*nyapp* = (Get AEAddress "HyperCard" "Jack's Mac" "R&D'))
CLI PS> (SendAEEval ?*myapp* "8 + 9")

w7n

CLI PS>

TimeStamp Command

Another extension we've made is unrelated to inter-program communication. We have added a
Ti meSt anp command to CLIPS. It returns the current system date and time as a string:

CLI PS>( Ti neSt anmp)
"Wed Sep 7 12:34:56 1994"
CLI PS>

POSSIBLE FUTURE EXTENSIONS

In addition to the CLIPS extensions described above, we are also looking into the possibility of
implementing several other enhancements. First, we want to generalize the current Apple Event
sending mechanisms to permit the CLIPS programmer to specify the event class and event ID of
the events to be sent. Thisis arelatively straightforward extension if we limit the event datato a
string passed as the “direct object” parameter. It would be somewhat harder to allow the CLIPS
programmer to specify more complex data structures, because we would have to design and
implement a mechanism that allows the CLIPS programmer to construct these more complex
combinations of keywords, parameters, and attributes. We will probably implement these
extensions in stages.

Another extension we're considering is to make CLIPS “attachable’. This would permit the
CLIPS programmer to include pieces of AppleScript code in the knowledge base itself. This
would significantly enhance the power of CLIPS, as it would make it possible to compose,
compile, and execute AppleScript programs from within the CLIPS environment, and save these
programs as part of a CLIPS knowledge base.
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We have developed an expert system using the CLIPS expert system tool and the TARGET task
analysis tool. The application domain was a help desk for a commercial software product. The
expert system presently encompasses about 200 rules and covers the most critical and common
issues encountered by the technical support personnel for the help desk. The expert system is a
rule-based data-driven reasoning system for diagnosis, testing, and remediation of customer
problems. The system is presently undergoing validation testing by the help-desk personnel.

The focus of this paper is on our experiences in using TARGET to assist in the processes of
knowledge acquisition, knowledge engineering, and knowledge verification. TARGET greatly
facilitated each of these processes. In contrast to the traditional knowledge acquisition processin
which one knowledge engineer interviews the domain expert and another takes notes on the
interaction, we found that only a single knowledge engineer was needed when using TARGET.
The domain expert observed the knowledge engineer record tasks in TARGET as the interview
proceeded. This facilitated communication between the knowledge engineer and the expert
because it was clear to each just what knowledge was being communicated. It also provided an
explicit and easily modifiable graphical representation of the knowledge in the system as the
session proceeded.
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ABSTRACT

This paper describes a rule-based expert system which assists the user in configuring a network
for Air Force terminals using the Milstar satellite system. The network configuration expert
system approach uses CLIPS. The complexity of network configuration is discussed, and the
methods used to model it are described.

INTRODUCTION
Milstar Complexity

Milstar is a flexible, robust satellite communications system which provides world-wide
communication capability to a variety of users for a wide range of tactica and strategic
applications. Milstar is interoperable requiring simultaneous access by Air Force, Navy and
Army terminals. The transmit/receive capability of these terminals ranges from small airborne
units with limited transmission power to stationary sites with large fixed antennas.

The wide range of applications of the Milstar system includes services capable of supporting
status reporting, critical mission commands, point-to-point calls, and networks. The same system
that provides routine weather reports must also allow top-level mission coordination among all
services. This diversity results in traffic which is unpredictable and variable. The system must
accommodate both voice and data services which can be transferred at different rates
simultaneously. In order to protect itself from jamming and interference, the Milstar waveform
includes a number of signal processing features, such as frequency hopping, symbol hop
redundancy, and interleaving, some of which are among the network parameters defined at
service setup.

The configuration of each terminal is accomplished through the loading of adaptation data. This
complex data set provides all the termina specific and mission specific parameters to allow the
terminal to access the satellite under the mission conditions with the necessary resources to
establish and maintain communication. Network definitions are a subset of this adaptation data.

Defining a network for a terminal is a challenging task requiring a large body of knowledge,
much of it heuristic. The systems engineers who have been on the Milstar program for many
years have amassed this knowledge; many of them have been reassigned to other programs.
Since the recent launch of the first Milstar satellite, testing activity has been very high and
expertise in this area is not readily available. When testing ends and Milstar becomes fully
operational, the terminals will be operated by personnel whose Milstar knowledge is
considerably less than that of the systems engineers. To solve the problem of having a user with
limited knowledge take advantage of the many network configuration capabilities of the Milstar
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system, one of the systems engineers proposed developing an expert system to encapsulate the
vast amount of knowledge required to successfully design network definitions accurately and
reliably.

Network Complexity

A Milstar network consists of 82 parameters which are interrelated. Some relationships are well-
understood, but many are obscure. The few existing domain experts spend a significant amount
of time constructing network definitions starting from a high-level mission description usually
provided by a commanding authority. Not only should the network allow communication, but it
should do so in a manner which makes optimal use of satellite resources. The expert, then, is
faced with an optimization problem: to define a network whose parameters are consistent with
each other while minimizing the use of payload resources.

The complexity of network configuration is compounded by the number and locations of the
terminals which will participate in the network. Additional terminals add more constraints to the
problem space. The resource requirements of different terminals may vary, and their locations
may be dynamic, asin the case of airborne terminals.

The complexity further increases when configuring a terminal to participate in several networks
simultaneously. Certain resources cannot be shared among aterminal’s active networks.

Knowledge Acquisition

Several system engineers were available as knowledge sources. Initialy, they were asked to
review each of the network parameters and to describe obvious relationships between them.
Remarks about rules, exceptions, and values were recorded and coded into prototype rules. These
rules were reviewed with the experts and modified as needed to confirm that the information had
been accurately trandated.

In addition to interviewing the domain experts, scores of documents were read. Tables and charts
were constructed to focus on the relationships between only severa parameters at a time.
Gradually, ahierarchy of knowledge was formed.

The knowledge base was partitioned into functional areas (e.g., hardware parameters, mission-
level parameters, terminal-specific parameters, and service-specific parameters). A knowledge
engineer was assigned to each one. When it was deemed that most of the knowledge had been
acquired in one of these areas, the entire knowledge engineering team of four would check the
functional area’s rules with respect to each network type (of which there are 11). This cross-
checking resulted in more rules which captured the exceptions and special cases associated with
the more general rules belonging to the functional area.

In-house operations and maintenance training courses provided the knowledge engineers with an
opportunity to learn Milstar as an Air Force termina operator. This provided the hands-on
training that taught lessons not documented in specifications.

THE EXPERT SYSTEM

Scope

The scope of the task was to develop an expert system to assist the user in configuring a network

definition for a single terminal. This scope represents the necessary first step in later building an
extended system which will address the issues of multiple terminals and multiple networks.
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System Componenets

The expert system consists of three major components. a graphical user interface (GUI), arule
and fact base, and an interface between those two components. The GUI performed the more
trivial consistency checks between the input parameters. For example, if avoice network is being
configured, then the only valid data rate for the network is 2400 bps. The GUI ghosts out all
other choices. The GUI a so checks the syntax and ranges of user-entered data.

The interface code controls the flow of the expert system. It reads in the user-supplied input
items, trandates them into facts, loads the appropriate rules;, when the rules have finished firing,
the interface code passes their results to the GUI. This process continues as the user moves
between the screens.

Rules and facts were used to check the more complicated relationships between the parameters.
Rules were not used to perform trivial tasks (e.g., syntax checking) nor inappropriate tasks (e.g.,
controlling the flow).

Software Tools

CLIPS was chosen for this project because of its forward-chaining inference engine, and its
ability to run as both a standalone and an embedded application. Other benefits were its object-
oriented design techniques and its level of customer support.

The rules and facts were developed, tested and refined on a Sun workstation under UNIX. They
were ported to an IBM 486/66, the target environment. A point-and-click graphical user interface
was developed for the PC using Visual Basic. Borland C++ was used to write the interface code
between the GUI and the CLIPS modules.

Currently, the expert system contains about 100 rules and 1000 facts.
Objects
CLIPS Object-Oriented Language (COOL) was used where appropriate.

In the problem domain, terminals are represented as objects having attributes such as a terminal
id, an antenna size, a latitude/longitude location, and a port usage table. The port usage table is
made up of 34 ports. A port is an object which has attributes such as data rate and i/o hardware
type. Terminals are objects to prepare for future expansion to the analysis of a network definition
for multiple terminals.

CLIPS offers a query system to match instances and perform actions on a set of instances. For
example, CLIPS can quickly find the terminal requiring the most robust downlink modulation by
keying off each terminal’s antenna size and satellite downlink antenna type. Satisfying the needs
of this terminal would be a constraint to ensure reliable communication among a population of
terminals.

Templates

Valid parameter relationships are defined using templates and asserted as facts during system
initialization. For example, only a subset of uplink time slots are valid with each combination of
data rate, uplink modulation, and uplink mode. Figure 1a shows a table relating these parameters.
Figure 1b shows a template modeled after this table. Figure 1c shows a deffacts structure which
will assert the facts contained in the table by using the template.
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Primary U/L Channels

Data Rate (bps)
U/L Modulation 2400 1200 600 300 150 75
2 1,234 — — — — -
4 5,6 1,2,3,4 --
8 7 5,6 1,2,3,4 --
HHR 16 -- 7 5,6 1,2,3,4 --
FSK 32 -- 7 5,6 1,2,3,4 --
64 -- 7 5,6 1,2,3,4
128 -- 7 5,6
256 -- -- 7
LHR 10 7 5,6 1,2,3,4
FSK 20 -- 7 5,6
40 -- 7
Secondary U/L Channels
Data Rate (bps)
U/L Modulation 300 150 75
2 12,34 -- -
HHR 4 5,6 12,34 --
FSK 8 7 5,6 12,34
16 -- 7 5,6
32 -- 7

Figure la. Table Relating Uplink Time Slot,
Uplink Mode, Uplink Modulation and Data Rate

:valid-dr-ts

; this tenplate sets up associ ations of uplink node,

; uplink nodul ation,

(deftenpl ate valid-dr-ts)
(field ul-node
(type SYMBQL)
(default ?NONE))
(field ul-nodul ation
(type SYMBQL)
(default ?NONE))
(multifield dr-ts
(type ?VARI ABLE)
(default ?NONE))

Figure 1b. Template Corresponding to Table in Figure 1a.

Figure 1c. Deffacts Representation of Table in Figure 1la

[See Appendix]

158

and data rate/tineslot pairs




Rules

Severa rules exist for most of the 82 parameters. The left-hand side of each rule specifies a
certain combination of patterns which contain some bounded values (i.e., network parameters
that already have values assigned). The right-hand side of each rule performs three actions when
it fires. Firgt, it assigns a suggested parameter value. Second, it creates a multifield containing
other valid, but less optimal, parameter values. And, third, it creates an explanation associated
with the parameter. The GUI highlights the suggested value, but allows the user to change it to
one of the other valid choices. Figure 2 shows a rule which fires when the expert system does not
find any valid uplink time slots”.

[See Appendix]
Figure 2. Rule Using the Facts Shown in Figure 1c
Explanations

The explanation associated with each parameter reflects the left-hand side of the rule which
ultimately assigned the parameter's value. An explanation template contains the text, and a flag
to indicate whether a positive rule fired (i.e., a valid parameter value was suggested), or a
negative rule fired (i.e., the expert system could find no valid value for the parameter based upon
preconditions). In the latter case, the GUI immediately notifies the user that the expert system is
unable to proceed, and it states a recommendation to fix the problem. Normally the user is
instructed to back up to a certain parameter whose current value is imposing the unsatisfiable
constraint. The explanation facility is invoked by pointing the mouse on the parameter and
clicking the right button.

Output

After the user has proceeded through the screens and values have been assigned to all network
parameters, she may choose various output media and formats. In production, the completed
network will be converted to hexadecimal format and downloaded into the terminal’s database
which isthen distributed to the field.

Future Extensions

As stated earlier, aterminal class was established to alow for future expansion to the analysis of
a network with respect to multiple terminals. Taking this idea one step further would involve
creating a network class, and making a network definition an instance of it. Multiple networks
could then be considered simultaneously when writing rules to suggest values for certain
parameters. For example, a terminal cannot participate in two networks which use the same
uplink time slot. Advancing the expert system to this level of consistency checking would
improve its utility significantly. CLIPS promotes a modular approach to design which alows the
developer to plan for future extensions like these.

* The problem of refiring needed to be addressed. Refiring occurred because when arule modifies afact, the fact is
implicitly retracted and then reasserted. Since the fact is “new,”the rule fires again immediately. This problem was
solved by including a check in the antecedent whether the valid choices multifield is currently the same as what the
rulewill set it to be. If thefields areidentical, then the rule will not refire.
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CONCLUSIONS

An expert system has proven to be a vauable tool in the configuration of Milstar terminal
network parameter sets. The generation of these parameter sets is complex and primarily
heuristic lending itself to an expert system approach. CLIPS and COOL has provided an
effective and efficient development environment to capture the knowledge associated with the
application domain and tranglate these relationships into a modular set of rules and facts. The
decison to use rules vs. facts, CLIPS vs. C++, rules vs. GUI was made after careful
consideration of the overall implementation strategy and the most efficient means to provide the
expertise.

The complexity of the problem domain, variety of sources of expertise (design engineers,
operational support, and program documentation), and broad and varying scope of the
applications has made this project a significant knowledge acquisition challenge. The knowledge
engineering team approach has been successful in trangating the vast and subtle nuances of the
implementation strategies and in developing a synergetic composite of the available expertise.

The combined use of rules, facts, objects, C++ code, and a graphical interface has provided arich
platform to capture the Milstar knowledge and transform this knowledge into a modular tool
staged for expansion and improvement.
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APPENDIX

Figure 1b. Template Corresponding to Table in Figure la

; this deffacts defines valid data rate and tinmeslot pairs
; for each conbination of uplink node and uplink nmodul ation

(deffacts set-valid-dr-ts
(valid-dr-ts
(ul- node PRI MARY)
(ul- modul ati on HHRFSK2)
(dr-ts 2400 bps with tine slots 1-4))
(valid-dr-ts
(ul-nmode PRI MARY)
(ul- modul ati on HHRFSK4)
(dr-ts 2400 bps with tine slots 5-6 1200 bps with tine slots 1-4))
(valid-dr-ts
(ul- node PRI MARY)
(ul- nodul ati on HHRFSKS)
(dr-ts 2400 bps with tine slot 7 1200 bps with tine slots 5-6))
(valid-dr-ts
(ul- node PRI MARY)
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(ul- modul ati on HHRFSK16)

(dr-ts 1200 bps with tine slot 7

600 bps with tine slots 5-6 150 bps with tinme slots 1-4))
(valid-dr-ts

(ul-nrode PRI MARY)

(ul- modul ati on HHRFSK32)

(dr-ts 600 bps with tinme slot 7

300 bps with tine slots 5-6 150 bps with tine slots 1-4))
(valid-dr-ts

(ul- mode PRI MARY)

(ul- nmodul ati on HHRFSK64)

(dr-ts 300 bps with tinme slot 7

150 bps with tine slots 5-6 75 bps with tine slots 1-4))
(valid-dr-ts

(ul- node PRI MARY)

(ul- modul ati on HHRFSK128)

(dr-ts 150 bps with time slot 7 75 bps with tinme slots 5-6))
(valid-dr-ts

(ul- nmode PRI MARY)

(ul- nodul ati on HHRFSK256)

(dr-ts 75 bps with tinme slot 7))
(valid-dr-ts

(ul- rode PRI MARY)

(ul-nodul ati on LHRFSK10)

(dr-ts 300 bps with tinme slot 7

150 bps with tine slots 5-6 75 bps with tinme slots 1-4))
(valid-dr-ts

(ul- mode PRI MARY)

(ul- nmodul ati on LHRFSK20)

(dr-ts 150 bps with time slot 7 75 bps with tine slots 5-6))
(valid-dr-ts

(ul- mode PRI MARY)

(ul- nodul ati on LHRFSK40)

(dr-ts 75 bps with time slot 7))
(valid-dr-ts

(ul- rode SECONDARY)

(ul- nmodul ati on HHRFSK2)

(dr-ts 300 bps with tinme slots 1-4))
(valid-dr-ts

(ul- mode SECONDARY)

(ul- nodul ati on HHRFSK4)

(dr-ts 300 bps with tinme slots 5-6
(valid-dr-ts

(ul- node SECONDARY)

(ul- modul ati on HHRFSKS)

(dr-ts 300 bps with tinme slot 7

150 bps with tine slots 5-6 75 bps with tine slots 1-4))
(valid-dr-ts

(ul- mode SECONDARY)

(ul- nodul ati on HHRFSK16)

(dr-ts 150 bps with time slot 7 75 bps with tine slots 5-6))
(valid-dr-ts

(ul- rode SECONDARY)

(ul- nmodul ati on HHRFSK32)

(dr-ts 75 bps with tinme slot 7)))
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Figure 2. Rule Using the Facts Shown in Figure 1c
(defrul e 12bul ts-009
"this rule fires when the terminal's required u/1 nodulation is
nore robust than the inplied u/1 nodul ation using any u/1 tinme slot."

(outnet (nane data-rate)

(val ue ?dr-val ue)) ; get value of data-rate
(outnet (nane ul-node)

(val ue ?ul-node)) ; get value of ul-node
(outnet (nane ul-antenna-type)

(val ue ?ul-ant-type)) ; get value of ul-ant-type
(outnet (nane net-type)

(val ue ?net-type)) ; get value of net-type
?fact <- (outnet (nane ul-tine-slot) get address

(choi ces $7?ol dchoi ces)) ; of tinme slot
(test (neq $?ol dchoices =(mv-append nil))) ; don't refire
; (* see note)
(termnal ?termid) ; get the termnal id
(ulnodnap (ant-size =(get-ant-size ?termid)
(ul-ant ?ul -ant-type)
(ul- nodul ation ?ul -nod-termninal))
; get the minimumul nod this termna
; can use given its antenna size
; and the ul antenna type
(outnet (nanme ul-nodul ation)

(val ue ?ul-nod-type)) ; get the u/1 nodul ation type
(valid-ul-quad (data-rate ?dr-val ue) ; get all valid nodul ations
(ul- node ?ul- node) ; for this data rate

(ul-nmod-type ?ul-nod-type)
(ul-nods $?all-valid-nods))
(nmost-to-least ul ?ul-node $?al | nods) ; get all nodul ations
(test (nore-robustp ?ul-nod-termn na
(first $?all-valid-nods) $?all nods))
; if the terminal's required robustness is
; more robust than the nmost robust inplied
; nmodul ation
(valid-dr-ts (ul-nmode ?ul- node)
(ul-nmodul ati on ?ul-nod-terninal)
(dr-ts $?all-dr-ts)) ; get all pairs of valid data rates
; and tineslots for this nodul ation
?expl ain <- (explanation
(param name ul -time-slot)
; get previous explanation
(text ?oldtext)) ; associated with this paraneter
=>

(rmodi fy ?fact (suggest nil)
(choi ces =(mv-append nil)))
(if (neq ?net-type MCE)

no suggested val ue
no valid choices
tailor the explanation

t hen to the network type
(bi nd ?newt ext
(str-inplode

(mv-append
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(str-expl ode
"This term nal cannot reliably support this service's data rate using the
current u/1 antenna type. Using any tinme slot with this data rate would
inmply an insufficient u/1 nodulation for this termnal. Either use a
stronger u /1 antenna type, or lower the data rate. To satisfy this
termnal's u/l nodul ation requirenents, the valid data rate/tine sl ot
pairs are:"
) ; end expl ode
$?all-dr-ts
) ;end append
) ;end inplode

) ;end bind

el se

(bi nd ?newt ext
(str-inplode

(mv-append
(str-expl ode
"This terminal cannot reliably support this service's data rate using the
current u/l antenna type. Using any tinme slot with this data rate would
inmply an insufficient u/1 nodulation for this termnal. Either use a
stronger u/l antenna type, or lower the data rate. To satisfy this
termnal's u/1 nodul ation requirenments, the valid data rate/tinme sl ot
pairs are:"
) ; end expl ode
$?all-dr-ts
(str-expl ode
". Since this is an MCE network, tine slot 4 should be used.")
) ;end append
) ;end inplode
) ;end bind
) ;end if
(explain ?explain ?old text ?newtext YES))
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ABSTRACT

This paper addresses the issue of integrating the C Language Integrated Production System
(CLIPS) into distributed data acquisition environments. In particular, it presents preliminary
results of some ongoing software development projects aimed at exploiting CLIPS technology in
the new Mission Control Center (MCC) being built a& NASA Johnson Space Center. One
interesting aspect of the control center is its distributed architecture; it consists of networked
workstations which acquire and share data through the NASA/JSC-developed Information
Sharing Protocol (ISP). This paper outlines some approaches taken to integrate CLIPS and ISP in
order to permit the development of intelligent data analysis applications which can be used in the
MCC.

Three approaches to CLIPS/ISP integration are discussed. The initial approach involves clearly
separating CLIPS from ISP using user-defined functions for gathering and sending data to and
from alocal storage buffer. Memory and performance drawbacks of this design are summarized.
The second approach involves taking full advantage of CLIPS and the CLIPS Object-Oriented
Language (COOL) by using objects to directly transmit data and state changes from ISP to
COOL. Any changes within the object dots eliminate the need for both a data structure and
external function call thus taking advantage of the object matching capabilities within CLIPS 6.0.
The final approach isto treat CLIPS and ISP as peer toolkits. Neither is embedded in the other,
rather the application interweaves calls to each directly in the application source code.

INTRODUCTION

A new control center is being built at the NASA Johnson Space Center. The consolidated
Mission Control Center (MCC) will eventually replace the existing control center which has been
the location of manned spaceflight flight control operations since the Gemini program in the
1960s. This paper presents some preliminary results of projects aimed at incorporating
knowledge-based applications into the MCC. In particular, it discusses different approaches
being taken to integrate CLIPS with the MCC Information Sharing Protocol (ISP) system
service.

MCC AND ISP
The new control center architecture differs significantly from the current one. The most
prominent difference is its departure from the mainframe-based design of the existing control

center. The new MCC architecture is aggressively distributed. It consists of UNIX workstations
(primarily DEC Alpha/OSF1 machines at present) connected by a set of networks running
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TCP/IP protocols. Exploitation of commercialy available products which will be relatively easy
to replace and upgrade has been a prime motivating factor in this change. Particular attention has
been paid to the use of standard hardware, and commercia off-the-shelf (COTS) software is
being used wherever possible.

With a mainframe computer at the center of all flight support computation, the process of
presenting telemetry and computational results to flight controllers was really a matter of
"pushing” the relevant data out of the mainframe onto the appropriate flight control terminals. In
recent years, the task of acquiring telemetry on the system of MCC upgrade workstations has
been a matter of requesting the telemetry data from the mainframe. The central computer has
served as the one true broker for telemetry data and computations.

In the distributed MCC design, the notion of a central telemetry and computation broker has
disappeared. In fact, terminals have disappeared. The flight control consoles consist of UNIX
workstations which have access to telemetry streams on the network but must share data instead
of relying on the mainframe for common computations.

Software applications running on the MCC workstations will obtain telemetry data from a system
service called the Information Sharing Protocol (I1SP). ISP is a client/server service. Distributed
clients may request 1SP support from a set of "peer" ISP servers. The servers are responsible for
extracting data from the network. Client applications needing those data initiate a session with
the servers (possibly from different machines), using the ISP client application program interface
(API). These clients subscribe to data from the ISP servers, which deliver the data
asynchronously to the clients as the data change. Parenthetically, the ISP APl provides data
source independence. Thus, ISP client applications may be driven by test data for validation and
verification, playback datafor training or live telemetry for flight support.

It is the intent of the new MCC architecture that hardware (workstations, routers, network
cabling, etc...) will take a backseat to the "software platform”. ISP is a prominent element of this
platform, since it is the data sharing component of the system services in addition to providing a
telemetry acquisition service. Indeed, the architecture presupposes that many of the functions
previously handled in the mainframe program (e.g., display management, limit sensing, fault
summary messages, "comm fault" detection) will now be carved up into smaller, easier to
maintain application programs.

ISP supports the integration of these applications by allowing clients to receive data that have
been published by other clients. These shared data will in many instances be computations which
were previously handled internally to the mainframe, e.g., spacecraft tragjectories and attitude
data, but with greater frequency, the shared data are expected to be "higher order information™
derived from analyses of telemetry data.

Some of the data analysis necessary for the generation of this higher order information will be
derived from rule-based pattern matching of telemetry. One example of this is the Bus Loss
Smart System which is used by EGIL flight controllers to identify power bus failures. Another
example discussed later in this paper is the Operational Instrumentation Monitor (oimon) which
assesses the health of electronic components involved in the transmission of Shuttle sensor data
down to Earth.

Rule-based applications can capture the often heuristic procedures used by flight controllers to
perform their duties. A number of such applications are currently under development by flight
control groups where the knowledge-based approach contributes to getting the job done "better,
faster and cheaper”. CLIPS is being used in a number of these. In the discussion that follows,
methods for combining the telemetry acquisition and data sharing functionality of ISP with the
pattern matching capabilities of CLIPS are discussed.
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AN EMBEDDED APPROACH

CLIPS is a data-driven language because it uses data in the form of facts to activate and fire if-
then rules which result in a change of execution state for the computer. CLIPS was designed to
be embedded in other applications thus allowing them the ability to perform complex tasks
without the use of complex programming on the part of the rule developer. Since ISP is a
transport protocol for both receiving and transmitting information, it only makes sense to find a
way to integrate the two toolkits to provide CLIPS developers with a reliable transport
mechanism for data.

In our work using ISP and CLIPS we have taken two approaches in integrating the two toolKkits.
The first was to directly embed ISP within CLIPS and provide a ssimple set of user-defined
functions which allow the CLIPS developer to communicate via ISP. The second approach was
to use both toolkits as peers allowing the devel oper to have compl ete control over the integration.

The first method of embedding ISP into CLIPS grew out of three separate attempts to balance
data, speed and ease of use concerns for the application developer. The first attempt at
integration (Figure 1) consisted of creating a separate data layer with which ISP and CLIPS
could communicate. This layer provides a storage location for all the change only data that | SP
receives as well as hiding the low level ISP implementation. This approach provided several
challenges in how ISP and CLIPS would communicate with the data layer.

CLIPS 6.0

Data Layer

ISP

TCP 7/ IP

_—

Figure 1. Thefirst attempt at integration

A simple set of commands was added to CLIPS to aid in the communication with | SP.

(connect-server [CLIPS TRUE / CLIPS_FALSE])
(subscri be-synbol [synbol _nane] [CLIPS TRUE / CLIPS_FALSE])
(enabl e-synbol s [CLIPS TRUE / CLIPS FALSE])

The connect-server command establishes or disconnects a link with the ISP server and
registers the application as requesting ISP data. Likewise, subscribe-symbol, informs the
ISP server of which data elements are requested or no longer needed by the application. The
enable-symbols command begins and ends the flow of data to the application.

Other API calls were added to CLIPS to enable an application to publish data to the | SP server
for usein other CLIPS or ISP only applications.

(publ i sh-synmbol [synbol -nane] [ EXCLUSI VE])
(publish [ VALUE/ LI M T/ STATUS/ Message] [synbol -nane] [data] [tine])
(unpubl i sh-synbol [synbol -nane] )
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The publish-symbol command informs the ISP server that the CLIPS application wants
permission to send data under a given symbol-name. The optiona EXCLUSI VE parameter
informs the server that the requesting application should be the only application allowed to
change the value.

Thefinal set of APIs allows ISP to communicate with CLIPS in the form of facts.
(want - i sp-event [CYCLE/LIMT] [CLIPS_TRUE/ CLI PS_FALSE])

The want-i1sp-event command will activate or deactivate cycle or limit facts to be published
in the fact list.

This first attempt provided a solid foundation for communication between the two tool kits.
However, the use of a separate data layer proved to be cumbersome to implement. The data layer
needed to have a dynamic array and a quick table look-up mechanism as well as a set of
functions to provide CLIPS with the ability to check values. Each time a rule needed a data
value, an external function would have to be called. This proved to be a costly option in the
amount of time needed to call the external function. A better method was clearly needed.

Our second attempt at integration 1SP and CLIPS consisted of the elimination of the data layer
(Figure 2). All of the ISP data would be fed to CLIPS via facts. This method had severd
advantages. First, it reused the ISP functions developed earlier. Second, it allowed CLIPS to
store al ISP data as facts. Finaly, CLIPS application developers could do direct pattern
matching on the facts to retrieve the data.

CLIPS 6.0
ISP
TCP 7/ IP

_—

Figure 2. Removal of the datalayer

The use of facts provided afew smaller challenges in the update and management of the fact list.
There needed to be away to find an old fact that had not been used and retract it when new data
arrived. This could be done at the rule level or in the integration level. At the rule level, the
application programmer would be required to create new rules to seek out and remove obsolete
facts. At the integration level, time would be spent looking for matching facts with similar IDs to
be removed.

The final approach at integration of ISP with CLIPS involved the use of the CLIPS Object-
Oriented Language (COOL ). Each data packet would be described as an instance of aclass called
MSID. The MSID class would provide a data storage mechanism for storing the data name,
value, status, time tag, and server acceptance information.

(defclass MsID
(i s-a USER)
(role concrete)
(pattern-match reactive)
(slot value ( create-accessor read-wite) (default 0.0))
(slot status ( create-accessor read-wite)(default 0.0))
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(slot time (create-accessor read-wite)(default 0.0))
(slot accepted (create-accessor read-wite)
(default CLIPS TRUE)))

A second advantage of using the object implementation consists of inheriting constructors and
destructors. When an instance of the MSID class is created, a constructor is activated and the
symbol is automatically subscribed. On the other hand, when an symbol is no longer needed a
destructor is activated and the symbol is automatically unsubscribed. Constructors and
destructors free the application programmer from worrying about calling the appropriate |SP
APIsfor creating and deleting symbols.

(def message-handler MSID init after()
(subscri be-synbol (instance-nanme ?self) CLIPS TRUE))

(def message- handl er MsI D del ete before()
(enabl e- synbol s CLI PS_FALSE)
(subscri be-synbol (instance-name ?self) CLIPS _FALSE)
(enabl e-synbol s CLI PS_TRUE))

(definstances MsIDS
(S02K6405Y of MSI D)
(S02K6205Y of MSI D)
(S02K6026Y of MBI D)

(S02K6078Y of MBI D))

Creating and subscribing symbols are automatically handled by COOL. One of the only ISP
implementation details that the application programmer needs to be concerned is to enable the
symbols and to schedule which ISP events are to be handled.

(defrul e connect
?fact<- (initial-fact)
=>
(retract ?fact)
(enabl e- synbol s CLI PS_TRUE)
(want -i sp-event LIMT CLIPS _FALSE)
(want -i sp-event CYCLE CLIPS TRUE))

Another clear advantage of using objects, like facts, is the ability to do direct pattern matching.
As the ISP data changes, a low level routine updates the value in the affected slot. CLIPS could
then activate any rule which needed data from the changed slot and work with this information
on.

(defrul e Val ueChanges
?meid <- (object (is-a MSID) (value ?val ue))
=>
(update-interface
(i nstance-nane-to-synbol (instance-nanme ?nsid)) ?val ue))

After working with the integration of CLIPS and ISP there is an advantage that CLIPS/COOL
bring to bear on the ease of use for linking CLIPS with external ‘real time data. One such
application that used this integrated technology was a prototype to display switch positions from
on-board systems to Space Shuttle ground controllers. The prototype was up and running within
three days. The display technology had already been developed as part of atraining tool to help
astronauts learn procedures for the Space Habitation Module. The display technology was then
reused and combined with CLIPS and ISP to monitor telemetry and react whenever subscribed
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data were detected. CLIPS was needed deduce single switch settings based on the downlinked
telemetry data. For example, several parameters may contain measurements of pressure across a
line. If most of the pressure sensors begin to fall low, then a pressure switch might have been
turned off.

AN OPEN TOOLKIT APPROACH

So far, the discussion has focused on integration of CLIPS and ISP by embedding ISP into
CLIPS. This has the advantage of hiding the details of the ISP client API from developers of
CLIPS applications; however, it is easy to imagine applications which are no more "CLIPS
applications" per se than they are "ISP clients'. CLIPS and ISP provide distinct services, so it is
not immediately obvious which ought to be embedded in the other, or whether embedding is
even necessary.

The third approach we used to integrating CLIPS and ISP was implemented into the oimon
application, discussed below. Instead of embedding ISP inside CLIPS, the two APIs are treated
as "peers’ within the application. Consider the following definitions:

e open system: a system which makes its services available through a callable API,

e open toolkit: an open system which permits the caler to aways remain in control of
execution.

The primary distinction between these two is that open systems may require that the caller turn
over complete control of the application (e.g., by calling aMai nLoop() function).

Open toolkits permit the caller to exploit the systems functionality while maintaining control of
the application; it real-time applications, this can be critical. Examples of open toolkits include
the X-toolkit, the I1SIS distributed communications system, and Tcl/Tk. Figure 3 depicts a
number of the CLIPS and ISP API functions. Although both have functions which will take
control of the application (i.e., Run(-1) and | t Mai nLoop() ), the use of these functionsis not
required; lower level primitives are available to fine-tune execution of the two systems (i.e.,
Run(1) and ItNextEvent(), |tD spatchEvent()). By the definitions above, both
CLIPS and ISP are open toolkits. As aresult, they may both be embedded in a single application
which chooses how and when to dispatch to each.

. | SP:
- Itinitialize()
- [t Publish(), ItSubscribe()
- It Connect Server (), |tDi sconnect Server ()
- It Next Event (), |tDi spatchEvent ()
. CLI PS:

- InitializeCLIPS()
- Assert String()

- Reset ()

— Run()

Figure 3. Elements of the CLIPS and | SP application program interfaces
OIMON
The Operational Instrumentation Monitor (oimon) is being developed as a MCC application run

at Instrumentation/Integrated Communications Officer (INCO) console workstations. The
program is useful to other non-INCO flight controllers, since it publishes (via ISP) the status of
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certain electronic components which may affect the validity of data in the telemetry stream. The
paragraphs which follow outline oimon and discuss how ISP and CLIPS have been integrated
into it as peer open toolkits.

vehicle

ground station .::

flight support software o)

O O O

sensors

Figure 4. Shuttle sensor “ channelization”

Figure 4 presents a summary of the data flow originating at sensors on board the Shuttle (e.g.,
temperatures, pressures, voltages, current) and ending up on a flight controller's display or in
some computation used by aflight control application. The significant aspect of thisfigureisthat
there are a number of black boxes (multiplexer/demultiplexers—MDMs and discrete signal
conditioners—DSCs) which sit in the data path from sensor to flight controller. A number of
these black boxes (the so-called operational instrumentation (Ol) MDMs and DSCs) are the
responsibility of the INCO flight control discipline. There are other black boxes managed by
other disciplines, for example the “flight critical” MDMs. The oimon application is concerned
with the Ol black boxes.

Failure of an Ol MDM or DSC can corrupt the telemetry data for a number of on-board sensors.
As a result, most flight controllers and many flight control applications are interested in the
status of MDMs and DSCs. Instead of requiring that each consumer of telemetry data
individually implement the logic necessary to assess MDM/DSC status, the INCO discipline will
run oimon as an ISP client which publishes the status of the Ol MDMs and DSCs. Any consumer
of data affected by a particular Ol black box may subscribe to its status through ISP and thus
effectively defer Ol MDM/DSC to the INCO discipline. This deferral of responsibility to the
appropriate discipline is one of the benefits of a software architecture which promotes data
sharing between different applications on different workstations.

The oimon application is a C-language program which makes calls to the ISP API to obtain its
input data, the CLIPS API to execute the pattern matching necessary to infer the MDM/DSC
statuses, and the ISP API to publish its conclusions. There are no explicit parameters in the
downlist which unambiguously indicate Ol black box status, and this is the reason CLIPS is
needed. The mgor elements of oimon of relevance here are

e aset of CLIPS rules which implement the pattern matching,

» calback functions invoked whenever atelemetry event occurs,

» assertions of CLIPS facts from within the callback functions, and

» amain loop which coordinates CLIPS rule firing and ISP event dispatching.

A template of oimon is shown in Figure 5.
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i sp_event _cal | back() {

sprintf( fact, ...);:
Assert String(fact);

}
mai n() {

It AddCal | back( ...isp_events... );
whi | e(True){
whi | e( morel SP() ){
[tNextEvent( ... );
It D spatchEvent (...);

}

whi | e( noreCLI PS() ){
Run(1);

Figure 5. oimon code template

The CLIPS rule base is constructed so as to implement a number of tests currently used by INCO
flight controllers to manually assess MDM/DSC status and to enable/disable some tests based on
the results of others. In particular, these tests are (1) the MDM wrap test, (2) MDM and DSC
built-in test equipment tests, (3) power bus assessment, and (4) a heuristic test developed by
INCO flight controllers to deduce Ol DSC status based on a handful of telemetry parameters
which are connected to the DSCs through each of the DSC cards and channels.

The oimon application is still under development. However, preliminary experience with it
suggests that the integration of CLIPS and ISP as peer toolkits called from a main application is
not only feasible but easily implemented. Preliminary experience with this approach to
CLIPS/ISP integration has revealed one advantage of it over embedding ISP in CLIPS. Under
certain circumstances, the invocation of CLIPS functions can invoke the CLIPS “periodic
action”. When CLIPS is embedded in ISP, this can cause | SP events to “interrupt” the execution
of the consequent of an ISP rule. In the peer toolkit approach, ISP functionality is not invoked
using the CLIPS periodic action and thus this behavior does not exist. Subsequent testing of
oimon will focus on tuning the event-dispatching/rule-firing balance to ensure that oimon is
neither starved of telemetry nor prevented from reasoning due to high data rates.

SUMMARY

This paper has outlined three approaches we took to integrating the CLIPS inference engine and
the ISP client API into single applications. A summary of a*“data layer” approach was given, but
this approach was not actually implemented. A similar method was also described in which ISP
API calls are embedded in CLIPS, and ISP event processing is handled as an ISP “periodic
action”. The CLIPS syntax for this approach was presented. A quick prototype was devel oped
based on this second approach, and the prototype demonstrates the soundness of the technique.
In particular, it permitted very rapid development of the application. Unlike the first two
approaches, the third approach we discussed did not embed ISP in CLIPS. Rather the CLIPS and
ISP APIs are invoked as “peer toolkits’ in the C-based oimon application. This application is
currently being tested against STS-68 flight data, but additional development is expected.
Preliminary results from oimon suggest that the peer toolkit approach is aso sound. The
possibility of ISP events interrupting the firing of ISP rulesis eliminated in the oimon approach,
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since ISP is invoked directly from the application instead of being called as a CLIPS periodic

action.
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THE METEOROLOGICAL MONITORING SYSTEM FOR
THE KENNEDY SPACE CENTER/CAPE CANAVERAL AIR STATION

Allan V. Dianic
Ensco, Inc.
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Melbourne, FL 32940

The Kennedy Space Center (KSC) and Cape Canavera Air Station (CCAS) areinvolved in many
weather-sensitive operations. Manned and unmanned vehicle launches, which occur several
times each year, are obvious examples of operations whose success and safety are dependent
upon favorable meteorological conditions. Other operations involving NASA, Air Force and
contractor personnel—including daily operations to maintain facilities, refurbish launch
structures, prepare vehicles for launch and handle hazardous materials—are less publicized but
are no less weather-sensitive. The Meteorological Monitoring System (MMS) is a computer
network which acquires, processes, disseminates and monitors near real-time and forecast
meteorological information to assist operational personnel and weather forecasters with the task
of minimizing the risk to personnel, materials and the surrounding population.

The MMS acquires data from sensors located in and around the KSC/CCAS area, and subjects
them to a quality-control check by an embedded CLIPS implementation. The data are then
disseminated to the network of MMS Monitoring and Display Stations (MDS) which, using a
second MMS implementation of CLIPS, provides the end user with a tool to monitor weather
and generate warnings and alerts when weather conditions violate published criteria. The system
maintains a database of operations andassociated weather criteria for the user to select. Once
activated, the meteorological constraints for an operation are transformed into a series of CLIPS
rules which, along with a current stream of near real-time and forecast data, are used to trigger
aarms notifying the user of a potentially hazardous weather condition. Severa user-defined
functions have been added to CLIPS, giving it the ability to access MMS resources and alarms
directly.

This paper describes the design and implementation of MMS/CLIPS-Quality Control and
MMS/CLIPS-Monitoring, as well as the rule builder, the structure of rules, and the performance
of the shell in a near rea-time environment. Future CLIPS development issues will aso be
discussed.
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ABSTRACT

It isrelatively easy to enhance CLIPS to support multiple expert systems running in a distributed
environment with heterogeneous machines. The task is minimized by using the PVM (Parallel
Virtual Machine) code from Oak Ridge Labs to provide the distributed utility. PVM is alibrary
of C and FORTRAN subprograms that supports distributive computing on many different UNIX
platforms. A PVM deamon is easily installed on each CPU that enters the virtual machine
environment. Any user with rsh or rexec access to a machine can use the one PVM deamon to
obtain a generous set of distributed facilities. The ready availability of both CLIPS and PVM
makes the combination of software particularly attractive for budget conscious experimentation
of heterogeneous distributive computing with multiple CLIPS executables. This paper presents a
design that is sufficient to provide essential message passing functions in CLIPS and enable the
full range of PVM facilities.

INTRODUCTION

Distributed computing systems can provide advantages over single CPU systems in severa
distinct ways. They may be implemented to provide one or any combination of the following:
parallelism, fault tolerance, heterogeneity, and cost effectiveness. Our interest in distributive
systems is certainly for the cost effectiveness of the parallelism they provide. The speedup and
economy possible with multiple inexpensive CPUs executing simultaneously make possible the
applications in which we are interested, without a supercomputer host. The economy of
distributed computing may be necessary for the realization of our applications, but we are even
more interested in distributed systems to provide a simplicity of process scheduling and rapid
interaction of low granularity domain specific actions. Our approach to implementing certain
large and complex computer systems is focused on the notion of quickly providing reasoned
response to user actions.

We accomplish the response by simultaneously examining the implications of an user action
from many points of view. Most often these points of view are generated by individual CLIPS[1]
expert systems. However, there is not necessarily a consistency in these viewpoints. Also, a
domain inference may change over time, even a small period of time, as more information
becomes available. Our systems have the experts immediately receive and respond to low level
user action representations. The action representations encode the lowest level activities that are
meaningful to the user, such as the drawing of alinein a CAD environment. Thus, if there are a
dozen, or more, expert domainsinvolved in an application, it is necessary to transmit user actions
to each expert and combine the responses into a collective result that can be presented to the user.
Of course, the intention is to emulate, in a relatively gross manner, the asynchronous parallel
cooperative manner in which abiological brain works.
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Over the course of eight years, the CAL POLY CAD Research Center and CDM Technologies,
Incorporated have developed severa large applications and many small experiments based
essentially on the same ideas.[2, 3, 4] In the beginning we wrote our own socket code to
communicate between the processes. Unfortunately, with each new brand of CPU introduced into
a system it was necessary to modify the communication code. There simply are not sufficient
standards in this area to provide portability of code, except by writing functions that are machine
specific. Moreover, our main interest is not the support of what is essentially maintenance of the
inter-process communication code. But for many years it seemed necessary to support our own
communication code because the other distributed systems we investigated were simply too
inefficient for our applications, even though they were generally much more robust. We then
found that PVM[5] code was very compatible with our requirements.

PVM

PVM is a free package of programs and functions that support configuration, initiation,
monitoring, communication, and termination of distributed UNIX processes among
heterogeneous CPUs. Version 3.3 makes UDP sockets available for communication between
processes on the same CPU, which is about twice as fast as the TCP sockets generally necessary
for communication between CPUs. Also, shared memory communication is possible on SPARC,
SGI, DEC, and IBM workstations, and several multiprocessor machines.

Any user can install the basic PVM daemon on a CPU and make it available to all other users. It
does not require any root privileges. Users can execute their own console program, pvm3, that
provides basic commands to dynamically configure the set CPUs that will make up the ‘virtual
machine’. The basic daemon, pvmd, will establish unigue dynamic socket communications for
each user's virtual machine. Portability is obtained through the use of multiple functions that are
written specifically for each CPU that is currently supported. An environment variable is used to
identify the CPU type of each daemon and hardware specific directory names, such as SUN4, are
used to provide automatic recognition of the proper version of a PVM function. Since all of the
common UNIX platforms are currently supported, the code is very portable.

The fundamental requirements for a PVM distributed system involving CLIPS processes consist
of starting a CLIPS executable on each selected CPU and calling PYM communication facilities
from CLIPS rulesets. The first of these tasks is very easy. PVM supports a ‘spawn’ command
from the console program as well as a ‘pvm_spawn’ function that can be called from a user
application program. Both allow the user to let PVM select the CPU on which each program will
be executed or permit the user the specify a particular CPU or CPU architecture to host a
program. Over sixty basic functions are supported for application programming in C, C++, or
FORTRAN, but only the most basic will be mentioned here and only in their C interface forms.

PVM COMMUNICATION BASICS

Each PVM task isidentified by its ‘task id’ (tid), an integer assigned by the local PVM daemon.
The tid is uniquely generated within the virtual machine when either the process is spawned, or
the pvm_mytid function is first called. Communication of messages between two processesin a
PVM system generally consists of four actions:

1. clear the message buffer and establish anew one - pvm_initsend

2. pack typed information into the message buffer - pvm_pkint,
pvm_pkfloat, etc.

3. send the message to a PV M task or group of tasks - pvm_send,
pvm_mcagt, etc.
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4. receive the message, either blocking or not - pvm_recv,
pvm_nrecy, etc.

Each message is required to be assigned an integer, ‘msgtype’, which is intended to identify its
format. For instance, taskl may send a message that consists of ten integers to task2. In the
‘pvm_send’ used to transmit the message, the last argument is used to identify the type of
message. The programmer may decide that such a message is to be of type 4, for example. Then,
task2 can execute ‘pvm_recv’, specifying which task and message type it would like to receive.
A -1 value can be used as a wildcard for either parameter in order to accept messages from any
task and/or of any type. If task2 indicates that it wishes to accept only a message of type 4 to
satisfy this call, it then knows when the ‘pvm recv’ blocking function succeeds that it has a
message of ten integersin anew input buffer.

As a more complete example, the following code shows a host task that will spawn a client task;
then it will send the client a message consisting of an integer and a floating point value; and then
it will wait for areply from the client. The client waits for the message from the host, generates a
string message in reply, and halts. When the client message is received, the host prints the
message and halts.

Hoat Chent
#inelude "pym3 L #inelwde "pym3 b
main(] main(] {
int hostid, tidd 1] pym e weode 5 pid wihin o taskid [tid] # int hostid, elientid;
int mraluel; 1# ¥t walue to be cenk #H clientid = pvm_mytid;
Eloat £ralued; 1#zeeond value o be sent #H
char me szage[25];0%F string bo be returned from elient #H pvm_reewi-1, 21; ¥ wradk for bype 2 H
¥ wie igmare the ¢onbe nts in this e xmmple 3
hostd = pvm_monsd; r#enroll in prm H
pvm_indsend[ PymDataBaw] ;
pvm_spawn Client”, fHname of process ko start up W pvm_phkst["Hi Host!"]; M pack sirimg
[ehar#=E]0,  Fakgs to be paszed to proeess o hostid = pvm_parent[];  fFgethosttil W
a, fFoptions - 0w wse any CPTT H pvin_send|hostid, 1]; f#zend sting H
", f#host pame when not aption 04 faztype 1 #H
1, rFnumber of copies to spawn W
tidz] ; ftids of processes started #H pm_exr];
¥
pvm_indzend[ PymDataRaw]; Fget buffer #H
1+ oo eneoding of daka if same orpe CPTT &
pvm_phkind 22, 1, 1]; t#pack 1intinto the eurvent huffer *H
pvm_phfloat(45. 672, 1, 1]; f#pack 1float inko the current buffer *H
pvm_send[tid[0], 2]; f#zend buffer as wser chosen type 2 H
pvm_teew-1, 1]; rEyradl for message fbom anpone [-1 isa H
rFyildeard] that i weer typed oz 1 *
pvn_upksh[message]; f#unpack sring from buffer inko meszage
printf[ "I got the message; Fein”, me ssage];
P _exdk();

Figure 1. A PVM Example
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CLIPS IMPLEMENTATION CONSIDERATIONS

The basic need isto assert a fact or template from arule in one CLIPS process into the factlist of
another CLIPS process, which may be executing on a different processor. We might want a
function that could use aPVM buffer to transmit a CLIPS ‘person’ template asin Figure 2:

(BMPutTmplt ?BufRef (person (name "Len") (hair "brown") (type “grumpy”)) )

Figure 2. Sample Send Template Call

The first problem this presents is that the form of this function call isillegal. It is possible to use
a syntax in which the fact that is to be communicated is presented as a sequence of arguments,
rather than a parenthesized list. But this syntax does not preserve the appearance of the local
assert, which is pleasing to do. The solution is to add some CLIPS source code to provide a
parser for this syntax.

Second, consideration must be given as to when the PVM code that receives the messages should
execute. It is desirable that receiving functions can be called directly from the RHS of a CLIPS
rule. It is also desirable in most of our applications that message templates are transparently
asserted and deleted from the receiver’s factlist without any CLIPS rules having to fire. In order
to accommodate the latter, our CLIPS shell checks for messages after the execution of every
CLIPS rule, and blocks for messages in the case that the CL | PS agenda becomes empty.

Third, it is useful to be able to queue message facts to be asserted and have them locally inserted
into the receiver’s factlist during the same CLIPS execution cycle. There are occasions when a
number of rules might fire on a subset of the message facts that are sent. In most cases the best
decision as to what rule should fire can be made if all associated message facts are received
during one cycle, and al such rules are activated at the same time. Salience can usually be used
to select the best of such rules and the execution of the best rule can then deactivate the other
aternatives. In order to implement this third consideration, the message facts are not sent for
external assertion until a special command is given.

OVERVIEW OF CMS

The CLIPS/PVM interface or CLIPS Message System (CMYS), provides efficient, cost effective
communication of simple and templated facts among a dynamic set of potentially distributed and
heterogeneous clients. These clients may be C, C**, or CLIPS processes. Clients may
communicate either single fact objects or collections of facts as a single message. This
communication takes place without requiring either the sender or receiver to be aware of the
physical location or implementation language of the other. CMS will transmit explicit generic
simple fact forms by dynamically building C representations of any combination of basic CLIPS
atoms, such as INTEGERs, FLOATs, STRINGs, and MULTIFIELDs. CMS will aso
communicate facts or templates referenced by a fact address variable.

In addition to the dynamic generic process described above, the communication of templated
facts is supported in a more static and execution time efficient manner. Specific routines capable
of manipulating client templates in a direct fashion are written for each template that is uniquein
the number and type of its fields The deftemplate identifies what message form these routines
will expect. Thisisadistinct luxury that eliminates the time involved in dynamically determining
the number and types of fields for a generic fact that is to be communicated. The disadvantage is
that the routines must be predefined to match the templates to be communicated. However, the
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applications in which the authors are involved have predetermined vocabularies for the data
objects that are to be communicated. In much the same way that deftemplates provide efficiency
through the use of predetermined objects, these template-form specific communication routines
provide object communication in the most efficient, cost-effective fashion. The following section
describes the overall architecture of a system which supports the previously described
functionality.

ARCHITECTURE

The underlying support environment consists of a set of utility managers called the System
Manager, Memory Manager, and Error Manager. All three managers provide various
functionality utilized by the communication system to perform efficient memory usage and error
notification. The core of the communication system consists of five inter-related components as
shown in Figure 3. These components are the Session Manager (SM), Buffer Manager (BM),
Communication Object Class Library, Communication Object META Class, and CLIPS
Interface Module. Collectively, these components provide the communication of objects among a
dynamic set of heterogeneous clients.

[Figure Deleted]
Figure 3. Communication System Architecture
SESSION MANAGER

The Session Manager (SM) alows clients to enter and exit application sessions. Within a specific
session, clients can enter and exit any number of client groups. This functionality is particularly
useful in sending messages to all members of a group. The SM can aso invoke PVM to spawn
additional application components utilizing a variety of configuration schemes. The facilities
supported range from the specification of CPUs to host the spawned applications to an automatic
selection of CPUs to use as hosts and balance the |oad across the virtual machine.

BUFFER MANAGER

The buffer manager provides for the creation and manipulation of any number of fact buffers.
Dynamic in nature, these buffers can be used to communicate severa fact objects as a single
atomic unit. That is, receiving CLIPS clients will accept and process the buffer’ s contents within
asingle execution cycle. Clients are freeto ‘put’ or ‘get’ factsinto and out of buffers throughout
the life of the buffer. Information as to the contents of a buffer can be obtained by querying the
buffer directly.

COMMUNICATION OBJECT CLASS LIBRARY

The Communication Object Class Library contains methods which are specific to a particular
data object. (These are the routines referred to in the Overview of CMS section above.) These
methods include a set of constructors and destructors along with methods to ‘pack’ and ‘ unpack’
an object component-by-component. This library includes additional methods to translate an
object to and from the CLIPS environment and the C Object representation used with PVM. It is
this class library which may require additions if new template forms are to be communicated.

COMMUNICATION OBJECT META CLASS

The motivation of the Communication Object META Class is twofold. The META Class
combines common object class functionality into a single collection of META Class methods.
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That is, the highest level communication functions are exist as META Class methods, which
freely accept any object defined in the Object Class Library without concern for its type. The
same high-level META methods are invoked regardless of the type of objects in a
communication buffer. They determine the actual type of object to be processed and then call the
appropriate class method. This effectively allows clients to deal with a single set of methods
independent of object type.

CLIPS INTERFACE

Essentially acting as a client to the PVYM system, this collection of modules extends the
functiona interface of the communication system described above to CLIPS processes. This

interface provides CLIPS clients with the same functionality as their C and C** counterparts. In
an effort to preserve the syntactical style of the CLIPS assert command, several parsers were
incorporated. Since the standard CLIPS external user functions interface does not support such
functionality, some additional source code to the CLIPS distribution code was required. The
following section provides a brief description of the functional interface presented to CLIPS
clients.

CMS FUNCTIONS

ID _OhjRef SMConmect() int SM Disconmect()
Conmes b the ealler to o multiagent session. Dizeonne eks the ealler from & multi-
age Ik session.
LARGUMEHTE HTRING Hame ARGUMEHTE :  woil
Lols InitTd Berwe Fia e
LoHG e rFang: RETURHE EM_HTOCEEE or EM ERRECE

RETURME & reference bo the objeet representatbion of the caller
o EM_ERROE_REF. Hote, thiz object canbe passed to other
clients as a wayr bo address the caller diecty,

int SMEnterGrp) int SMExXmGrpl)
Exnrolls the caller inko the group <Group:. TToe oolls bhe caller from the growp,
LIFFOUp
LARGULMEHTE (HTRING 03 o LRGULMEHTE :© woil
RETURHME : The caller's inctance number within RETURHME :EM HUCCESE or EBM ERROER

<igroup: of EM_ERREOE. Instanes numbers start at
0 and i reme nk upward .
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int SM Spavm)
Hpawns <HumCoples: coples of < Task: in aceorlanes
with the walues of < How: and < where: .

ARGULMEHTH HYMMBOL Task
ITEGEER HumCopies
INTESEE Howr

BN _DEFATILT - Target hos & determine d by the Hezsion

Ibnager. In thiz case W here > should be HULL.

HM_HOET - Target ozt is determined by < TWhere ».

B ARCH - Target host is determined by the S cgon
Llamager. The target host's are hite eture will be of
brpe < Where: .

#M DEBTTG - Target host is determined bythe Hezsion
Mamager . Inthis case < Wherer should be MULL. Al
copies of <Tade: will be runin the PYVEI debugger,

HM TRACE - Target host iz determined borthe Bezsion
Lhamager . Inthis case < Where: should be HULL.
Alleopksof <Task: will generake PV EItrace daka. »

HTMECL W huete
¢Examples: "mobwealre calpolyedn” , or #TIHY:

LIORE ARGE  ArgW
<Ay # of args paszed toeachtazk wpon startup.

EETURHNE : Actual nvmberof spawned tasks or EM EREOQER.

int SPTmtldentity)
Frints the object refere need b
MlientityRet: to stlout.

ARGUMEHTE ID_OhjRef Il netyReE
RETURME :EM_STUCCESS or EM_EEROR

BEM _EBuiRef BMCreate{)
Creakes o senl” bubfer which eneodes itz
coltents agcording to < Encoding: .
ARGUMEHTH IMNTESEER Encoding
<BM_DEFATTLT - Draka for he be roge neous
netwnorks
BIM_EAW - Ho encoding takes place
EM I PLACE - Bame as
EM DEFATILT ezcept daks is ot
copied inta the huffer until # is zent.
EETUEME : 4 reference to huffer ar
EM_EREOE REF

int BMDestrow()
Do sroors the butfer reference d by <BufRel: .

ARGUMEHTE : EBIM_BufRef BufRef
RETURME :EM_STUCCESS or EM_EEROR

int BMPautTmph()

Phiees :Tmpk: into <BuRef:.
LARGULMENTH ENI_EBufERef BufRef
LEFTEMFPLATE Tmplt
RETURHNE :EM _HEUCCESE or EM_ERROR

int BM Send()
Hend s comte nks of <BufREef > to cIentityRef: .
The contentz of <BufREef: is B0 vnaltered.

ARGUMENTS I _OliRef  IdentinyRef
EM BwRef  BufRef
RETURHE :EM SUCCESE or EM ERROR

int BMGrpSend ()

Hend s the eontentz of <BufBEef > to each member of < Group:.

LARGULMENTH HTEIHG SFOUR

EN_EufExf BufEef

REETURME EM BUCCEHE or EM ERREOR

int BMQuer yReceivel)
Formally proe ezse s ineom ing abjeet groups. If no pend ing
object groups exdst, control is INIMEDIATELY returned
o the caller.

ARGUMEHTE :  woil

RETURHE :EM_SUCZCESE or EM_EREROE

int 3GTpSend Identity()
Hends an idendtyto each me mber of agroup.
ARGUMEHTE : HTERIHG Sroup
I _ObjRef O hiRel
RETURHE :EM BTICCESE or EML ERROR

int BM R ece e}
Formally proe ezse s ineom ing object groups. IE
o pending abject groups exst, ealleris puk ta
slee p until such an event oeeurs . Reeedved
objects will be placed inko the ¢aller's fact-list I
theit appropriate form.

ARGURMEHTE  :woid
RETURME :EM_SUCCEHS or EM_ERROR

int SBend Id entity()
Hend s an identiby ko another elient.
ARGUNMEHTE ID_ObjRef  DatlientiyRef
IL_ZhjRet CrhiRef
RETURME EM_SUCCEHE or EM_EEROR
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int 3GrpSend Tmpht) int SPend Tmplt()
Hends a templake to each me mber of & group. Hends a templake b0 anobher elient,
ARGULMEHTE : HTEING Sroup ARGUMEHTE II ObjRef  DatlientiyRef
Exprezzion Tmplt Expreszion T mplt
RETUERNE :EM EUCCEHES or EM ERROR RETURNE :EM EUCCEHEE or EM EEROR

Figure 4. CMS Functions
A CMS EXAMPLE

The following example illustrates a CLIPS knowledge base intended to communicate
VALUE_FRAME templates with CMS. The example consists of four CLIPS constructs. one
deftemplate and three defrules. The first step of the example is to define a VALUE_FRAME
template having four slots. The client registers itself in the session viathe CONNECT_ME rule.
This rule also enters the client into a group. The rule then broadcasts the client’s identity to all
other members of its group. Incoming identifications are processed by the
RECEIVE_IDENTITY rule. After recelving another client's identification, several
VALUE_FRAME facts are placed into a buffer and sent back to the client.

Incoming VALUE_FRAME facts are processed by the PROCESS VALUE_FRAME rule.
Finally, when there are no more rules on the agenda, the client goes into a blocking receive state
via the execution of the RECEIVE rule. CLIPS clients receive facts in two distinct manners. In
the first case, the communication system is queried at the end of each execution cycle for
pending messages. The second method by which a client can receive messages is through an
explicit call to BMReceive. The functionality of this call isidentical to the implicit method, with
the exception that the caller will be put to sleep until a pending message exists. In either case,
incoming facts are processed transparently to the client and produce immediate modifications of
the fact-list.
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[leftemplate YALTTE FRAME

[ skt Frame |
[ st Imstamee |
[t Bt ]
[zt Wable |

[l:fnl: RECEITE_IDENTITY
[ EM_D'EFAULT ?Mode |
[ HESSION-MEMEER ?Mame
CAN-EE-REFERENCED-E T ?Hentiy
1

;Hend owr new fHend some templates
[ bind *BufRef [ BICreate ?Iode | |

[ BEMPwTmpk YBuiRef [ VALUE_FEAME
[ Frame Framel]
[ Instamee  Imstamcel |
[ #lor  #Eorl )
[ Walue 1234 ]

]

]
[ BEMPwTmpk YBuiRef [ VALUE_FEAME
[ Frame FrameZ ]
[ Instamee  Imstameed |
[ #lor  Blord )
[ Walue 56.789]

]

]
[ BERMPwTmpk YBuiRef [ VALUE_FEAME
[ Frome Frame3 ]
[ Instomwe  Instamced |
[ Blot  Eot3 ]
[ Walue “Howr are wou?™ )
]

]
;Eend the bufferto our new friend?
[ BIIEend ?Tdentiby YBufEef |

; Destroyrthe buffer
[ BDD estroy YBufRef |

[lefrule COHNHECT ME
[ indislfact )

=z
[ bind DAt ame e oezs™ ]
[ bind ?IBrGErp " AgentGry” )

SConmesk bo the zession
[ bind ?IEId [ DI onme o P IyHame 200 200) )

;doina group
[ BIEnte rErp InSp |

;8end mridentityto me mbers of my group
[ &5 rpie nd e nhty ISy IMyld)

;dzzert the "pece iwe" sonbrol Eact

[ assert] RECEIVE ] ]

[lefule PROCESS YALUE FRAMES
YTMPLT «<- [ VALUE_FEAME
[ Frame YFrame ]
[ Instamee ?Instamee |
[ #lot #Eat |
[ Walue *Walue |
]

JProcess the template

[ retract ?TMELT
]

[lefrul: RECEIYE
[leelare [saliemes 10000 ] ]
'REC «<-[ RECEIVE]
=i
[ BEMReceive |
[ retract YREC
[ aszert| RECEIVE] )

]

Figure5. A CMS Sample
CONCLUSION

PVM and CLIPS both provide free source code systems that are well maintained by developers
and a sizable number of users. Relative few source code changes are necessary to either system
in order to build a reliable and robust platform that will support distributed computing in a
heterogeneous environment of CPUs operating under UNIX. The CMS system described in this
paper provides the CLIPS interface code and some parsing code sufficient to enable efficient use

of PVM facilities and communication of CLIPS facts and templates among C, C**, and CLIPS
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processes within a PVM virtual machine. Even more efficient communication can be obtained
through enhancements to the PVM source code that can provide more efficient alocation of
memory and reuse of PVM message buffersin certain applications.

NOTES

Information on PVM is best obtained by anonymous ftp from: netlib2.cs.utk.edu

Shar and tar packages are available from the same source.

The authors are currently using the CMS system in applications that involve multiple CLIPS
expert systems in sophisticated interactive user interface settings. It is expected that the basic
CMS code will become available in the Spring, 1995. Inquiries viae-mail are preferred.
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ABSTRACT

As evidenced by current literature, there appears to be a continued interest in the study of real-
time expert systems. It is generally recognized that speed of execution is only one consideration
when designing an effective real-time expert system. Some other features one must consider are
the expert system’s ability to perform tempora reasoning, handle interrupts, prioritize data,
contend with data uncertainty, and perform context focusing as dictated by the incoming data to
the expert system.

This paper presents a strategy for implementing a real time expert system on the iPSC/860
hypercube parallel computer using CLIPS. The strategy takes into consideration, not only the
execution time of the software, but also those features which define a true real-time expert
system. The methodology is then demonstrated using a practical implementation of an expert
system which performs diagnostics on the Space Shuttle Main Engine (SSME).

This particular implementation uses an eight node hypercube to process ten sensor measurements
in order to simultaneously diagnose five different failure modes within the SSME. The main
program is written in ANSI C and embeds CLIPS to better facilitate and debug the rule based
expert system.

INTRODUCTION

Strictly defined, an expert system is a computer program which imitates the functions of a human
expert in aparticular field [1]. An expert system may be described as a real-time expert system if
it can respond to user inputs within some reasonable span of time during which input data
remains valid. A vast body of recently published research clearly indicates an active interest in
the area of real-time expert systems[2-12].

Science and engineering objectives for future NASA missions require an increased level of
autonomy for both onboard and ground based systems due to the extraordinary quantities of
information to be processed as well as the long transmission delays inherent to space missions.
[13]. An expert system for REusable Rocket Engine Diagnostics Systems (REREDS) has been
investigated by NASA Lewis Research Center [14, 15, 16]. Sequential implementations of the
expert system have been found to be too slow to analyze data for practical implementation. As
implemented sequentially, REREDS already exhibits a certain degree of inherent parallelism.
Ten sensor measurements are used to diagnose the presence of five different failures which may
manifest themselves in the working SSME. Each module of code which diagnoses one failureis
referred to as a failure detector. While some of the sensor measurements are shared between

187



failure detectors, the computations within these detectors are completely independent of one
other.

One apparent way to partition the problem of detecting failures in the SSME, is to assign each
failure detector to its own node on the hypercube system. Because the failure detectors may be
processed simultaneously, a speedup in the execution is expected. But while execution timeis a
critical parameter in any real-time expert system, it is not the only ingredient required in order to
guarantee its success. A recent report characterized the features required of expert systems to
operate in real-time. In addition to the requirement of fast execution, the real-time expert system
should also possess the ability to perform context focusing, interrupt handling, temporal
reasoning, uncertainty handling, and truth maintenance. Furthermore, the computational time
required by the system should be predictable and the expert system should potentially be able to
communicate with other expert systems [17]. These aspects are considered in the design
presented in this paper.

METHODS

The rules for diagnosing failuresin the SSME were €elicited from NASA engineers and translated
into an off-line implementation of a REREDS expert system [18]. While some of the failures can
be diagnosed using only sensor measurements, other failures require both data measurements and
the results obtained from condition monitors. The condition monitors measure both angular
velocity and acceleration on various bearings of the High Pressure Oxidizer Turbo-Pump
(HPOTP) shaft and determine the magnitudes of various torsional modes in the HPOTP shaft
[19]. Due to the lack of availability of high frequency bearing data and additional hardware
requirements for implementing real-time condition monitors, this expert system considered only
those failure detectors which required sensor measurements alone.

The five failure detectors which rely solely on sensor measurements for diagnosis are listed in
Table 1 along with a description of the failure, the required sensor measurements, and their
respective, relative failure states. Notice that failure detectors designated F11 and F15 cannot be
differentiated from one another and are thus combined into one single failure mode.

For each sensor measurement listed, the expert system knowledge base is programmed with a set
of nominal values and deviation values (designated in our work by s). One of the roles of the
expert system is to match incoming sensor measurements with the nominal and deviation values
which correspond to the specific power level of the SSME at any given time. Any sensor
measurement may deviate from the nominal value by + s without being considered high or low
relative to nominal. Beyond the s deviation, the sensor measurement is rated with a value which
islinearly dependent upon the amount of deviation. Thisvalueisreferred to as avote and is used
by afailure detector to determine a confidence level that the failure mode is present. This voting
curveisillustrated in Figure 1.

Once a vote has been assigned to every sensor measurement, each failure detector averages the
votes for al of its corresponding sensor measurements. The final result will be a number between
-1.00 and +1.00. This result is converted to a percent and is referred to as the corresponding
confidence level of that failure mode. The underlying motivation for this approach is to add
inherent uncertainty handling to the expert system.
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Fallure Description M easurements Falure

Detector States
F11/15 | Labyrinth/Turbine Seal Leak | LPFP Discharge Pressure Low
FPOV Valve Position High

HPFTP Turbine Discharge Temp. | High

F67 HPOTP Turbine Interstage & | HPOTP Discharge Temperature Low

Tip Seal Wear HPOP Discharge Pressure Low

HPOTP Shaft Speed Low

MCC Pressure Low

F68 Intermediate Seal Wear Secondary Seal Drain Temperaturel  Low

HPOTP Inter-Seal Drain Pressure Low

F69 HPOP Primary Seal Wear HPOP Primary Seal Drain Pressurd  High

Secondary Seal Drain Pressure High
Secondary Seal Drain Temperaturel High
F70 Pump Cavitation HPOP Discharge Pressure Low
HPOTP Shaft Speed Low
MCC Pressure Low

Table 1. Failure Detectors Only Requiring Sensor
Measurements for Failure Diagnosis

Failure Vote
1.0 10
00 Nominal 00
Measurement s 2s 3s
Value
-1.0 -1.0
4 Range of Measurement »

Figure 1. Voting Curve for Sensor Measurement with “High” Failure State

Each individua failure detector was implemented in CLIPS on a personal computer and its
accuracy was tested and verified using simulated SSME sensor data. Once satisfactory results
were achieved, an ANSI C program was written for the iPSC/860 hypercube computer which

would initialize the CLIPS environment on five nodes of a 2° hypercube structure. These five
nodes, referred to as the failure detector nodes, load the constructs for one failure detector each,
and use CLIPS as an embedded application as described in the CLIPS Advanced Programming
Guide [20]. In thisway, CLIPS will only be used for evaluation of the REREDS rules. All other
programming requirements, including opening and closing of sensor measurement data files,
preliminary data analysis, and program flow control are handled in C language. By embedding
the CLIPS modules within ANSI C code, context focusing and process interruptions can be more
efficiently realized.

Coordination of data acquisition and distribution among the failure detector nodes is
accomplished through a server node which is programmed to furnish sensor measurement data to
requesting nodes. Since the data for this study originate from the SSME simulator test bed, data
retrieval is accomplished ssimply by reading sequential data from prepared data files. The server
node transfers incoming sensor measurements into an indexed memory array, or blackboard,
from which data are distributed upon request to the failure detector nodes. When the blackboard
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is updated, al requests for data are ignored until data transfer is completed. This assures that
reasoning within the expert system is aways performed on contemporaneous data. The server
node does not invoke the CLIPS environment at any time. It is programmed entirely in C
language code.

One additional node, referred to as the manager node, is used by the expert system to coordinate
the timing between the failure detector nodes and the server node. Like the server node, the
manager node does not invoke the CLIPS environment. Once the manager node has received a
“ready” message from all failure detector nodes, it orders the server node to refresh the data in
the blackboard. During this refresh, the failure detector nodes save their results to permanent
storage on the system. The activities and process flow of al three types of nodes used in this
research areillustrated in Figure 2. The asterisk denotes the point at which all nodes synchronize.

CONCLUSION

Profiling studies were conducted on the parallel implementation of the REREDS expert system.
It was found that the system could process the sensor measurements and report confidence levels
for al five failure modes in 18 milliseconds. A sequential implementation of the expert system
on the same hardware was found to require over 50 milliseconds to process and report the same
information, indicating that the parallel implementation can process data at nearly three times as
quickly. Considering the fact that seven processors are being used in the parallel implementation,
these results may seem somewhat disappointing, however, the profiling studies also indicate that
additional speedup can be realized in future implementations of this expert system if the data
blackboard is also parallelized. Using only one server node causes some hardware contention.
Shortly after the nodes synchronize, the failure detectors tend to overwhelm the server with five
(nearly) simultaneous data requests. By adding a second server node to the system, this
contention can be greatly reduced.

Since the data can be processed at a fast, continuous rate, the validity of sensor measurements
can be assured during processing. Consequently, truth maintenance is realized by suppressing
data requests to the server node until all sensor measurements have been simultaneously updated.
This guarantees that all data accessed by the failure detector nodes during any processing cycleis
the same “age.”

Due to the nature of the particular expert system selected for this research, the time required by
the failure detectors to process SSME data remains constant regardless of whether or not afailure
condition exists. Thus, predictability is always assured for this example. Also, the need for
tempora reasoning is not explicitly indicated and is therefore not investigated. Since these
aspects of the design are application specific, they and must be investigated in future work using
different expert system models.

As discussed earlier, uncertainty handling is inherent to this expert system. The voting scheme
and use of confidence levels permits reasoning, even in the presence of noisy, incomplete, or
inconsistent data. Since the output from the system is a graded value rather than a binary value,
the output carries with it additional information about the expert system’s confidence that a
particular failureis occurring.

190



SERVER

l InitiaIizeVariabIesI

FAILURE
DETECTOR

Py
%

Y

Refresh Blackboard

F S

'
“SYNCH 1

Isthere
arequest for
data

?

YES

Determine Who
Posted the Request

Was
it from the
MANAGER
?

L oad Respective
CLIPS Constructs

*SYNCH [

Py
e}
r

-

Request and Receive
Required Datum

h 4

Pass Datum to
CLIPS

YES

Isthere
any more data
needed

YES

Advance to the
Next Data Record

Send the
Requested Datum

(@

Post "READY"
M essage to
MANAGER

!

Save the Resulting
Confidence Level
to a File on Disk

Process the CLIPS
FACTSintoa
Confidence Level

f

(b)

MANAGER

' InitializeVariablesI

. 4
SYNCH =4

Isthere

a"READY"

Message
?

Have

| Heard from

every FAILURE

DETECTOR
?

YES

Post a" REFRESH"
M essage
to the SERVER

v

(©)

Figure 2. Process flow for the a) Server Node,

b) Failure Detector Nodes, and ¢) Manager Node

191




One of the most important features of this design is that program flow control and system 1/O is
accomplished in C language code. Using CLIPS as an embedded application within a fast,
compiled body of C language code allows the expert system to be more easily integrated into a
practical production system. Complex reasoning can be relegated directly and exclusively to the
nodes invoking the CLIPS environment, while tasks which are better suited to C language code
can be performed by the server and manager nodes. Thus, simple decisions can be realized
quickly in C language rather than relying on the slower CLIPS environment. Based on fast
preprocessing of the sensor measurements, the C language code can be used to initiate process
interrupts during emergency conditions and even change the context focusing of the expert
system. Those tasks which require complex reasoning can be developed and refined separately in
CLIPS, taking full advantage of the debugging tools available in the CLIPS development
environment.

While the rules for this particular expert system are somewhat simple compared to other
applications considered in the literature, it is believed that the approach used in this study can be
extended to other examples. This study demonstrates that parallel processing can not only speed
up the execution of certain expert systems, but also incorporate other important features essential
for real-time operation.
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ABSTRACT

The Program Development Environment PDE is a tool for massively parallel programming of
distributed-memory architectures. Adopting a knowledge-based approach, the PDE eliminates
the complexity introduced by paralel hardware with distributed memory and offers complete
transparency in respect of parallelism exploitation. The knowledge-based part of the PDE is
realized in CLIPS. Its principal task is to find an efficient parallel realization of the application
specified by the user in a comfortable, abstract, domain-oriented formalism. A large collection of
fine-grain parallel algorithmic skeletons, represented as COOL objects in a tree hierarchy,
contains the algorithmic knowledge. A hybrid knowledge base with rule modules and procedural
parts, encoding expertise about application domain, parallel programming, software engineering,
and parallel hardware, enables a high degree of automation in the software development process.

In this paper, important aspects of the implementation of the PDE using CLIPS and COOL are
shown, including the embedding of CLIPS with C++-based parts of the PDE. The
appropriateness of the chosen approach and of the CLIPS language for knowledge-based
software engineering are discussed.

INTRODUCTION

Massive parallelism is expected to provide the next substantial increase in computing power
needed for current and future scientific applications. Whereas there exists a variety of hardware
platforms offering massive parallelism, a comfortable programming environ- ment making
programming of distributed-memory architectures as easy as programming single address space
systems is still missing. The programmer of paralel hardware is typically confronted with
aspects not found on conventional architectures, such as data decomposition, data and load
distribution, data communication, process coordination, varying data access delays, and
processor topology. Approaches to a simplification of parallel programming that have been used
previously, in particular for shared-memory architectures, are transformational and compile-time
parallelization [9, 10]. However, such code-level parallelization is extremely difficult for
distributed architectures. Additionally, only a limited, fine-grain part of the opportunities for
parallel execution within the program can be detected, and the results are dependent on the
progranming style of the programmer. The detection of conceptual, coarse-grain paralelism
found in many applications from natural sciences and engineering is in general too complicated
for current parallelization techniques.

Our Program Development Environment PDE [4, 6] isatool for programming massively parallel
computer systems with distributed memory. Its primary goal is to handle all complexity
introduced by the parallel hardware in a user-transparent way. To break the current limitations in
code paralelization, we approach parallel program development with knowledge-based
techniques and with user support starting at an earlier phase in program development, at the
specification and design phase.
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In this paper we focus on the expert system part of the PDE realized in the CLIPS [7] language.
At first, a short overview of the PDE is given. The representation and use of knowledge is the
topic of section 3. This is followed by sections showing aspects of external interfaces, problem
representation, and embedding with C++. The important role of an object-oriented approach will
be elaborated in these parts. A discussion of results, the appropriateness of the CLIPS language,
and the current state of the devel opment concludes the paper.

OVERVIEW OF THE PDE
The basic methodology of programming with the PDE consists of three steps [5]:

1. Problem specification using a domain-specific, high-level formalism
2. Interactive refinement and completion of the specification (if needed)
3. User-transparent generation of compilable program code

According to this three-step approach to the programming process, the program development
environment_consists of the three functional components shown in Fig. 1. In a typical session,
the programmer gives an initia specification of the problem under consideration using a
programming assistant interface. Currently, we have an interface SMPAI covering the domain of
stencil-based applications on n-dimensional grids. Other interfaces are in preparation. The initial
problem specification is decomposed into the purely computational features and the features
relevant for the parallél structure. The first are passed directly to the Program Synthesizer PS, the
latter go to the Programming Assistant PA. Then, in interaction with the user, the PA extracts
and completes the information needed to determine an appropriate parallel framework. The PA is
the central, largely Al-based component of the PDE, relying on various kinds of expert
knowledge. The program synthesizer expands the parallel framework into compilable, hardware
specific, parallel C++ or C programs.

REPRESENTATION OF ALGORITHMIC KNOWLEDGE

The PDE embodies a skeleton-oriented approach [3] to knowledge-based software engineering.
A large collection of hierarchically organized fine-grain skeletons forms the algorithmic
knowledge. The hierarchy spans from a general, abstract skeleton at the root to highly problem-
specific, optimized skeletons at the leaf-level. Skeleton nodes in the tree represent a number of
different entities. First, every non-leaf skeleton is a decision point for the rule-based descent. The
descendants are specializations of the actual node in one particular aspect, the discrimination
criterion of the skeleton. Every skeleton node contains information about the discrimination
criterion and value that leads to its selection among the descendants of its parent node. The
discrimination criteria represent concepts from parallel programming, application domain, and
characteristics of the supported parallel hardware architectures. Second, a skeleton node holds
information about requirements other than the discrimination criterion that have to be checked
before a descent is done. Third, skeleton nodes have slots for other kind of information that is not
checked during descent but that may be helpful for the user or for subsequent steps. Findly, the
skeleton nodes have attached methods or message handlers that are able to dynamically generate
the parallel framework for the problem to be solved with the chosen skeleton.

Based on these different roles, the question arises whether the skeleton knowledge base should
be built using instance or class objects. To access information in slots, a skeleton node should be
an instance of a suitable class. However, to attach specialized methods or message-handlers at
any node, skeletons have to be represented using classes. Also, the specialization type of the
hierarchy suggests the use of a class hierarchy for the skeleton tree. We have solved the conflict
by using both a class and an instance as the representation of a single skeleton node. A ssmplified
example skeleton classis:
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(defclass skel-32 (is-a init-bnd-mxin skel-5)
(pattern-match reactive)
(slot discrimnation-crit
(default problemtype)
(create-accessor read))
(sl ot discrimnation-val ue
(default | NI T_BND VAL_PROBLEM
(create-accessor read))
(rmultislot constraints
(create-accessor read-wite))
(rmultislot required
(default (create$ gridinstances_requirenent))
(create-accessor read)))

The required slot holds instances of the requirements mentioned above. Constraints are an
additional concept used for describing restrictions in application scope.

All instances of the skeleton nodes are generated automatically with a simple function:

(deffunction create-instances (?rootclass)
(progn$
(?node (cl ass-subclasses ?rootclass inherit))
(make-i nstance ?node of ?node)))

The two basic operations on the skeleton tree are the finding of the optimal skeleton, i.e., the
descent in the tree, and the generation of the computational framework based on a selected node.

Rule-based skeleton tree descent

The descent in the skeleton tree is driven by rules. Based on the discrimination criterion of the
current node, rules match on particular characteristics of the application specification and try to
derive a value for the criterion. If a descendant node with the derived criterion value exists, it
will get the candidate for the descent. The following example rule tries to find a descendant
matching the grid coloring property of the specification:

(defrul e DESC.:coloring-1
?0bj <- (object (nane [descent _object]) (curr_skel ?skel))
?inst <- (object (discrimnation-crit coloring)
(discrimnation-value ?c))
(test (nenber$ (class ?inst) (class-subclasses (class ?skel))))
?res <- (object (nr_of_colors ?c))
?app <- (object (is-a PAapp_class) (results ?res))
=>
(send ?obj put-next skel ?inst)
(send ?obj put-decision_ok t))

The pattern matching relies heavily on object patterns. The whole expert system is programmed
practically without the use of facts. The rule first matches a descent object, then a skeleton which
is a descendant of the current skeleton and finally the nr_of colors slot of the problem
specification. Note that the particular ordering of object patterns is induced by some peculiarities
of the CLIPS 6.0 pattern matching procedure. In order to handle references to objects in other
modules, it is advisable to use instance addresses instead of instance names. CLIPS does not
match objects from imported modules when they are refered to by a name property and the
module name is not explicitly given. On the other hand, CLIPS has no instance-address property
for object patterns and the form ?obj <- (object ...) does not allow ?0bj to be a bound variable.
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So, the ordering of patternsisrestricted in such away that first an object gets matched and then it
is verified whether it is the desired one. The consequence is probably some loss in pattern
matching efficiency.

Although our initial problem domain is sufficiently restricted and well-defined to alow a
complete, automatic descent in most cases, there is a collection of user interaction tools, called
the Intelligent Skeleton Programming Environment ISPE, ready to handle the case when the
descent stops before reaching a sufficiently elaborated skeleton. With the | SPE, the user can add
missing information, select a descendant node manually, or even step through the tree guided by
the expert system. For such a functionality, the ISPE needs a high integration with the expert
system. The rules for the descent are divided into various modules, separating search for
descendants, verification and actual descent in different rule modules. The object of class
descent_class used in the rule above serves to keep track of the current state of descent and to
coordinate between the rule modules.

Generating output from the skeleton tree

After successful selection of a skeleton node for the application under consideration, the paralel
framework can be generated. This is done by calling message-handlers attached to all skeletons.
An example parallel framework for a simple stencil problem is:

init(Gid);
FOR (iter = 0; iter < nr_of iterations; iter++) DO
FOR (color = 0; color < 3; color++) DO
| NTERACTI ON
fill _buf(Gid, w_obuf, west, color);
Exchange(e_i buf, east, w_obuf, west);
scatter_buf(Gid, e_ibuf, east, color);
END;
CALCULATI ON
update(Gid, color);
END;
ENDFOR;
ENDFOR;
finish(Gid);

The building blocks of this formalism [2] are communication and computation procedure calls,
grouped by sequencing or iteration statements.

Object-oriented concepts are realized for optimizing the representational efficiency in the
skeleton tree. First, inheritance insures that information stored in the slots of the skeleton nodes
is passed down the tree. If from a certain point on it does not apply any more, it can be overriden.
Second, new behaviour is introduced with mixin classes. As it can be seen in the skel-32 node
shown earlier, each node has both a mixin class and the parent class in its superclass list. In this
way, it is possible to define a particular feature only once, but to add it at various points in the
tree. Finally, instead of having methods that for each skeleton individually generate the complete
parallel framework, an incremental method combination approach has been chosen. Every
method first calls the same method of its parent node and then makes its own additions. The
message-handler below shows this basic structure:

(def message- handl er stencil-Ms-nixin generate-M ()
(bind ?inst (call-next-handler))
(send ?inst put-global _vars (create$ .... )))
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Message-handlers instead of methods have to be used for this kind of incremental structure, as
methods in CLIPS do not have dynamic precedence computation, whereas message-handlers do.
Using methods, the sequence of skeleton and method definitions in the source file would be
dominant for the precedence instead of the class hierarchy at runtime.

INTERFACES AND PROBLEM REPRESENTATIONS

The expert system of the PDE has basically three interfaces to the outside. It receives input from
the problem specification tools, generates the parallel framework as output for the program
synthesizer component, and it has an interface for user interaction.

Input

In order to omit a parser written in CLIPS, the formalism for the problem specification was
chosen to be directly readable into CLIPS. A natural way to achieve this consists in using
instance-generating constructs. We have two types of constructs in the input formalism, for
example:

(make-i nstance gl obal spec of gl obal spec_cl ass
(grid_const 1.0)
(di nensi on 2)
(probl emtype BND VAL_PROBLEM )

(stencil _spec
(assign_op
(grid var f (coord 0 0))
(function_call nedian
(grid_var f (coord -1 0))
(grid_var f (coord 0 0))
(grid_var f (coord 1 0)))))

In the first statement above, where global properties of the application are defined, the make-
instance is part of the formalism. Obvioudly, reading such a construct from afile with the CLIPS
batch command generates an instance of the respective class and initializes the dots. In the
second case, where the stencil is defined, the instance-generating ability is not directly visible.
However, for every keyword such as stencil _spec, assign_op or grid var, there are functions
creating instances of respective classes, e.g.:

(deffunction grid_ var (?nane ?coord)
(bind ?inst (make-instance (gensynt) of grid var))
(send ?inst put-var_name ?nane)
(send ?inst put-coord ?coord))

The reasons to not use make-instance in all cases are that some constructs can have multiple
entities of the same name, e.g., a stencil can have multiple assignment operations, and additional
processing that is needed by some constructs.

The lack of nested listsin CLIPS was considered as a disadvantage at the beginning, in particular
regarding the close relation between CLIPS and Lisp/CLOS. However, a recursive list construct
can be easily defined with COOL objects and instance-generation functions similar to the one
above. Certainly, thisis not appropriate if runtime efficiency is critical. In the course of the PDE
development, the lack of lists proved to have a positive effect on style and readability. For
example, instead of using just thelist (-1 1 2) for a 3-D coordinate, using the construct (coord -1
1 2) creates an instance of a specialized class for coordinate tuples. Such an instance can be
easier handled than a list and appropriate methods or message-handlers can be defined. The
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whole problem representation after reading the specification input is present in a number of
nested, interconnected instances of respective classes.

Output

The result of the generation of the parallel framework is a problem representation by means of a
number of instances, much in the sense of the input representation shown above. The writing of
an output file as shown in section 3.2 is done with message-handlers attached to each of the
relevant problem representation classes, e.g., afor-loop is written by:

(def message- handl er for_| oop_class wite-out (?strean)
(printout ?stream
" FOR (" ?self:varnanme " =" ?self:from?";
?self:varname " < " ?self:till
' ?self:varname "++) DO " t)
(progn$ (?el ?sel f:subs)
(send ?el wite-out ?streanj)
(printout ?stream" ENDFOR " t))

EMBEDDING WITH C++

The global structure of the PDE consists of components written in C++, among them the main
program and the graphical user interface, and an embedded CLIPS expert system for knowledge
representation and reasoning. Additionally, two parsers use the Lex/Y acc utilities. Whereas some
components, such as the parsers, are integrated only by means of intermediate files for input and
output, the expert system is highly integrated with the C++-based |SPE and the graphical user
interface. The CLIPS diaog itself is visible to the user through a CLIPS base window. Figure 2
shows both the CLIPS dialog window and a browser window for graphicaly browsing the
skeleton tree.

Data integration

Both CLIPS and C++ offer objects for the representation of data. It is therefore a straightforward
decision to use the object mechanism for the data integration between an expert system writtenin
CLIPS and programs written in C++. The concept for the CLIPS-C++ integration relies on the
decisions to represent common data on the CLIPS side using COOL objects and to provide
wrapper classes on the C++ side for a transparent access to COOL objects. A class hierarchy has
been built in C++ to represent CLIPS types, including classes and instances. Access to COOL
classes is needed for example in the skeleton tree browser, where descendants of a node are only
found by inspecting the subclasses list of the node.

The C++ wrapper classes consist of an abstract class clips_type with subclasses for the CLIPS
data types integer, float, symbol, string, multifield, and for COOL classes and instances. The
class coolframe used to represent COOL instances is shown below:

class coolfrane : public clips_type
char* framenane;
public:
cool frane(char* nane);
clips_type* get_slot(char* slotnane);
int put_slot(char* slotnanme, clips_type* val ue);
char* class _of(); "

The creation of a C++ frontend to a COOL instance is performed by just instantiating the above
class, giving the constructor the name of the COOL instance. Accesses to slots have to be done
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by using the get_slot and put_slot member functions that refer to functionsin the CLI1PS external
interface [8]. The class coolframe is a generic class, usable for any COOL instance, no matter
what collection of slots the COOL instance has. A more sophisticated approach with separate
members for all slots would be somewhat more convenient, as the distinction between accessing
a C++ object and accessing a COOL object through the C++ wrapper would be completely
blurred. However, defining classes on the fly, based on the structure of the COOL instances, is
not possible in C++. The chosen system with general-purpose wrapper classes is aready
convenient for use in C++. Operators and functions in C++ can be overloaded to handle CLIPS
data transparently. For example, the basic mathematical operations can be overloaded to combine
C++ numbers with CLIPS numbers in one expression.

Care has to be taken to not introduce inconsistencies between the data stored in CLIPS and the
C++ wrappers. To this end, the C++ interface to CLIPS does not cache any information, and
before performing any access through the CLIPS external interface it is verified whether the
COOL object to be accessed still exists.

Functional integration

The goal with functional integration is to achieve fine-grain control over the reasoning in the
expert system from C++-based components whenever needed. For example, it is sometimes
desirable to check whether one single descent from the current skeleton node is possible. Or, the
user may prefer to step manually through the tree, getting support from the expert system. The
detailed control needed for such tasks has been achieved with a partitioning of the rules into a
number of rule modules. Then, the C++ component can set the focus to just the rule system
desired and start the reasoning.

Two basic means to interact from the C++ components to the CLIPS expert system exist in the
PDE. First, a C++ program can call any of the C functions from the CLIPS external interface.
This happens without user visibility in the CLIPS dialog window, and a return value can be
obtained from the call. Second, thanks to the graphical user interface written in C++, the C++
program can directly write to the dialog window in such a way that CLIPS thinks it received
input at the command line. Using this alternative, no return value can be passed back to the C++
component, but the interaction is visible to the user in the window. It is thus most suited to
starting the reasoning or other functions that produce output or atrace in the dialog window.

CONCLUSIONS

The realization of the parallel program development environment PDE has successfully achieved
the primary goal of making parallel programming as simple as sequential programming within
the initial problem domain of stencil-based applications. Moreover, thanks to programming
environment support spanning from the design level up to automated code generation and thanks
to the reuse of important software components, parallel programming with the PDE can be
considered substantially simpler and more reliable than sequential programming in a common
procedural language. Apart from the high-level, domain-oriented approach to programming, the
PDE offers to the user efficiency preserving portability of software across platforms, reuse of
critical software components, and a flexible and comfortable interface.

With a focus on the parts realized using CLIPS, various aspects of the implementation of our
knowledge-based parallel program development tool PDE have been shown in this paper. CLIPS
in its current version 6.0 [8] proved to have some critical properties making it particularly well-
suited for the use within the PDE. Of highest importance are probably the object-oriented
capabilities of CLIPS, enabling flexible interfaces to the outside, appropriate representations of
knowledge and intermediate problem states, and, together with the CLIPS external interface, a
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convenient embedding with the C++ components of the PDE. CLIPS is well suited for a rapid
prototyping approach to system development, in particular due to the flexibility that the object-
oriented mechanism can offer. The PDE development is currently in the fourth prototype. Apart
from the first throw-away prototype done in CLOS [1], each prototype reuses large parts of the
previous one, adding completely new components or new functionality.

The problems with the CLIPS language encountered during the PDE development relate in part
to the resemblance of CLIPS to CLOS. Examples are the lack of the listsin the sense of Lisp, the
static precedence determination for methods, or the inability to pass methods or functions as
first-class objects. But aternatives offering similar functionality have been found in al cases.
Apart from such CLOS-like items, a suggestion for improvement of the CLIPS language based
on our experience is to focus more on object patterns in rules than on facts or templates. An
useful extension of the CLIPS externa interface, based on the popularity of the C++
programming language, would be the definition and documentation of a C++ frontend for COOL
objects.
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ABSTRACT

The requirement for improving aircraft utilization and responsiveness in airlift operations has
been recognized for quite some time by the Canadian Forces. To date, the utilization of scarce
airlift resources has been planned mainly through the employment of manpower-intensive
manual methods in combination with the expertise of highly qualified personnel. In this paper,
we address the problem of facilitating the load planning process for military aircraft cargo planes
through the development of a computer-based system. We introduce TALBAS (Transport
Aircraft Loading and BAlancing System), a knowledge-based system designed to assist
personnel involved in preparing valid load plans for the C130 Hercules aircraft. The main
features of this system which are accessible through a convivia graphical user interface, consists
of the automatic generation of valid cargo arrangements given a list of items to be transported,
the user-definition of load plans and the automatic validation of such load plans.

INTRODUCTION

The aircraft load planning activitiy represents the complex task of finding the best possible cargo
arrangement within the aircraft cargo bay, given alist of various items to be transported. In such
an arrangement, efficient use of the aircraft space and payload has to be made while giving due
consideration to various constraints such as the aircraft centre of gravity and other safety and
mission related requirements. The diversity of the equipment to be transported and the variety of
situations which may be encountered dictate that highly trained and experienced personnel be
employed to achieve valid load plans. Additionally, successful support of military operations
requires responsiveness in modifying conceived load plans (sometimes referred to as "chaks') to
satisfy last-minute requirements.

The development of a decision support system to assist load planning personnel in their task
appears to be a natural approach when addressing the simultaneous satisfaction of the numerous
domain constraints. The chief idea behind TALBAS consists of encoding the knowledge of
domain experts as a set of production rules. The first section of this paper is devoted to a
description of the fundamental characteristics of the load planning problem. A review of major
contributions and research work in the field of computer-assisted load planning is then presented.
The next section provides a detailed description of the TALBAS architecture and an overview of
the modelled reasoning approach used to achieve valid load plans. Finally, a list of possible
extensions to the current system is given.

PROBLEM STATEMENT
The problem of interest may be briefly stated as summarized by Bayer and Stackwick [1]:
“there are various types of aircraft which may be used, each with different capabilities

and restrictions and different modes in which it may be loaded, and finally, thereis a
large variety of equipment to be transported.”
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Additionally, the load's center-of-balance must fall within a pre-defined Center of Gravity (CG)
envelope for al loading methods, otherwise imbalance can render the airplane dynamically
unstable in extreme cases.

First addressing the issue of diversity of equipment to be transported, we note that each aircraft
can be loaded with cargo including any or all of the following items: wheeled vehicles, palletized
cargo, tracked vehicles, helicopters, miscellaneous equipment and personnel. Each type of cargo
item requires different considerations. The wide variety of cargo items to be loaded poses a
significant difficulty in that a feasible load configuration has to be selected from a very large
number of possible cargo arrangements, given a number of pre-defined areas within the aircraft
cargo bay which may each impose different restrictions on the type of item which may be loaded
depending on weight limitations and other constraints.

Secondly, the load arrangements are dependent upon the following delivery methods : strategic
air/land, airdrop, low-altitude parachute extraction system (LAPES) and tactical air/land.

For strategic air/land missions, the emphasis is on maximum use of aircraft space and few
tactical considerations are involved. In atactical air/land mission however, speed and ease with
which cargo can be on-loaded and off-loaded takes precedence.

Airdrop operations consist of off-loading equipment and personnel by parachute. LAPES is
executed when the aircraft is flown very close to the ground over aflat, clear area. In this case,
an extraction parachute is deployed from the rear of the aircraft, after which the aircraft
reascends. The equipment, mounted on a special platform, is pulled from the aircraft by the drag
on a parachute and skids to a halt. Airdrop and LAPES missions must maintain aircraft balance
while dropping cargo and must also provide space between items for parachute cables.

A third issue concerns the characteristics and limitations pertaining to the type of aircraft being
loaded. The load capacity of an aircraft depends on its maximum design gross weight (i.e.,
weight when rounded or upon take-off), its maximum landing gross weight and maximum zero
fuel weight (i.e.,, weight of aircraft and its load when fuel tanks are empty). The maximum
design gross weight includes the fuel load to be carried which is determined, at the outset, on the
basis of the distance to be flown and other operational requirements. The established quantity of
aircraft fuel in turn influences the alowable load which corresponds to the maximum
cargo/personnel weight the aircraft can carry.

Finally, constraints pertaining to loading, unloading and in-flight limitations have to be checked
when an item is loaded into the aircraft cargo bay. To model a redlistic situation, safety and
mission related restrictions and parameters such as transport of dangerous goods and
cargo/personnel movement priorities, are also taken into account in the set of constraints.

A mathematical formulation of the aircraft loading problem may be obtained through the
application of Operations Research techniques. The underlying closely related bin-packing
problem (Friesen and Langston [2]) is known to be NP-hard in the strong sense, suggesting it is
unlikely that a polynomial solution exists (Garey and Johnson [3]). However, if the requirement
of finding the best solution is relaxed to finding a good solution, then heuristic techniques can be
applied successfully (Pearl [4]). For a number of reasons to be presented later in this paper, we
propose to adopt a heuristic approach based on the knowledge of domain experts. In the
following section, we undertake a review of two successful endeavors aimed at facilitating
aircraft load planning, that is AALPS and CALM.
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The Automated Aircraft Load Planning System (AALPS)

AALPS was developed for the US Forces in the early 1980s, using the Sun workstation as the
platform. This load planning tool is a knowledge-based system built using the expertise of
highly trained loadmasters.

The underlying system architecture is designed to serve three basic functions: the automatic
generation of valid loads, validation of user-defined load plans and user-modification of existing
load plans. To perform these tasks, AALPS incorporates four components:

1) agraphical user interface which maintains a graphical image of the aircraft and
equipment as cargo items are being loaded,;

2) an equipment and aircraft databases which contain both dimensional information and
specia characteristics such as those required to compute the aircraft CG;

3) theloading module which contains the procedural knowledge used to build feasible
aircraft loads;, and

4) adatabase which alows the user to indicate his preference from a set of available
loading strategies.

Despite its seemingly powerful features, AALPS would probably necessitate some improvements
at significant costs to meet the requirements of the Canadian Forces.

Another initiative in the area of computer-assisted load planning led to the implementation of the
Computer Aided Load Manifest (CALM), which was initiated by the US Air Force Logistics
Management Centrein 1981.

The Computer Aided Load Manifest (CALM)

The project to develop CALM, formerly called DMES (Deployment Mobility Execution
System), was launched at approximately the same time as AALPS but the established objectives
were dlightly different. In contrast with AALPS, CALM was to be a deployable computer-based
load planning system. Consequently, the selected hardware was to be easily transportable and
sufficiently resistant for operation in the field.

CALM uses a modified cutting stock heuristic to generate "first-cut" cargo loads, which the
planner can alter through interactive graphics.

This system incorporates fewer functional capabilities than AALPS and runs on a PC compatible
platform, thus resulting in significantly lower development costs. A mgor reproach, however, is
that this system does not appear to take explicitly into account important load planning data such
as the weight of the aircraft fuel being carried, hence leading to incompl ete results in some cases.
Additionally, the graphica interface would require some improvement to be considered
sufficiently user-friendly. In spite of these deficiencies, CALM remains a very useful tool to aid
in the load planning process.

In view of the successful research work accomplished in the area of automated aircraft load
planning based on the emulation of expert behavior in this field, we have decided to concentrate
our efforts on the development of an expert system. The intent in doing so, is to combine the
most valuable features present in the existing systems, namely AALPS and CALM, and to adapt
them to produce a tool tailored to the Canadian military environment. Our objective is to
develop a system with the following features:

1) bedeployableto and operable at remote sites;
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2) beeasy to use and provide a convivial user interface;

3) be capable of handling aircraft load planning problems involving awide variety of items
and several aircraft types used by the Canadian Forces;

4) dea with different types of mission, including the ones with more than one destination;

5) automatically generate valid load plansin areasonable time;

6) allow the user to alter plans automatically generated by the system;

7) alow usersto define their own load plans and issue warnings whenever constraints are
violated.

The next section will describe the functional architecture and design of TALBAS which enable
the integration of the above described desired features.

THE SYSTEM ARCHITECTURE

The functional architecture depicted at Figure 1 serves the same three basic functions as in
AALPS:. automatic generation of cargo arrangements, user-definition of load plans and automatic
validation of existing load plans. TALBAS consists of an interactive user interface, a loading
module, a mission and an aircraft database, and necessary communication links for access to
some databases available within the Canadian Forces. The following provides a description of
the various databases required to build a feasible cargo load:

1) the aircraft database contains detailed aircraft characteristics including dimensional
information and a description of the constraint regions for the C130 Hercules aircraft;

2) the mission database contains detailed mission features mainly in the form of applicable
loading strategies;

S |fﬂm %.m;ﬁaﬂ|
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Figure 1. TALBAS Functional Architecture

3) the equipment and cargo list databases together provide a detailed listing of al cargo
items and personnel to be deployed for a mission, including al necessary information
about each particular object such as the weight and dimensional characteristics, and the
order in which the items are to be transported To minimize the requirement for user
input, a set of default values are provided for the majority of the objects characteristics
and these may be changed at the user's request as the situation dictates.

The user interface module performs two main tasks: the graphical display and the constraints
checking. The aircraft floor and the items being loaded are graphically represented on the
screen. Objects representing loaded cargo items and the various areas of the aircraft cargo floor
are drawn on the basis of information available in the different databases described above. All
onscreen cargo items are treated as active objects; they can be dragged and moved within the
aircraft cargo bay after being selected with a mouse.

The constraints checker ensures that any violation of the center of gravity limits or of other in-
flight restrictions is reported through the display of warning message dialog boxes. All the
critical load planning data, such as the aircraft CG upon take-off, are computed every time an
item is placed or moved within the aircraft cargo area.

The loading module basically consists of an expert system which automatically generates valid
load plans. The load planning process will be reviewed in details in the next section.

TALBAS has been developed through the implementation of an incremental prototyping
methodology whereby the end user is continuously involved in the refining process of the current
prototype. The availability of an ever-improved GUI and loading module, allows for a fail-safe
capture of user requirements. The PC platform has been selected for development purposes in
order to produce, in a cost effective fashion, a deployable tool operable at remote sites as a
stand-alone system. TALBAS has been designed with an object oriented approach to favor
reusability.

The user interface has been implemented using Microsoft Windows and C++. The expert system
portion of TALBAS is an enhanced application of the expert system shell CLIPS. This module
has been created as a Dynamic-Link Library (DLL). A DLL isaset of functions that are linked
with the main application at run time which is, in our case, the user interface. When faced with
the problem of having CLIPS communicate with the graphical user interface, three alternatives
were contemplated: embedding of CLIPS-based loading module into the main program;
implementation of the CLIPS-based loading module as a DLL: or use of the Dynamic Data
Exchange (DDE) concept.

DDE is most appropriate for data exchanges that do not require ongoing user interaction.
However, the requirement for the devised expert system to constantly monitor any changes made
by the user when modifying load plans onscreen has made the approach an unacceptable one.
Embedding the CLI1PS-based |oading module within the main application required that both the
user interface and the loading module fit within 64K of static data. Thisis not possible since the
CLIPS-based application (version 6.0) uses al this amount of memory space. On the other hand,
implementing the CL1PS-based application as a DLL alows the former and the user interface to
be considered separately such that each of the two application codes can fit within the limit of
64K of static data.
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The Loading Module

A heuristic approach has been selected as a solution to address the load planning problem. The
loading methodologies applied by loadmasters and load planners have been encoded as a set of
production rules. This choice was first motivated by the fact that rules of thumb are often the
only means available to the experts when seeking a good first try---one requiring the fewest
aterations--- to achieve a valid load. As an example, load planning experts generally agree to
follow a"60--40" rule of thumb, namely 60% of the load weight has to be located at the front of
the aircraft and 40% at the rear. The second reason for the choice of a knowledge-based system is
that the expert knowledge represented in the form of production rules can be easily maintained
and updated to incorporate new assets as they are acquired by the Canadian Forces or to adapt to
new situations.

Among the three basic objectives, namely the automatic generation of valid load plans, the
automatic validation of user-defined load plans and the user-definition of load plans, the first two
are achieved using the expert system in TALBAS. The third objective is achieved through the
implementation of a graphical user interface allowing the user to manipulate objects onscreen.
The expert system is made of two distinct modules as can be seen from Figure 2. The Loading
knowledge-base contains all the information related to aircraft loading procedures while the rules
contained in the Validation knowledge-base allow the system to recover from situations
characterized by a non-balanced aircraft or violated constraints.

Loadmg Validation
Knowledge Knowledge
Base Baze

I\ \LDAD]NGMEDULE/ / J

¥
USER INTERFACE

Figure 2. TALBAS Expert System

The Loading knowledge-base contains all rules which are essential to initialy identify one
possible load configuration. Asin AALPS, an initial cargo state contained in a database of facts
is iteratively transformed by our system into an acceptable cargo arrangement by applying a
sequence of operators representing the loadmaster's knowledge. In generating a load
configuration, pre-defined areas of the aircraft floor are assigned to each category of items or
passengers to be transported. For instance, when both cargo and passengers have to be loaded,
passengers are usualy assigned to the front of the aircraft. Next, a selection of the appropriate
item in each category (e.g. vehicles) is made, based on weight, width and length considerations.
Since the aircraft balance is a primary concern, a preliminary selection among all cargo itemsis
accomplished on the basis of weight followed by consideration of dimensional information
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depending on the type of item selected. The integrated computation module will subsequently
compute the achieved CG and verify that numerical constraints have not been violated.

At this step, the coded heuristics contained in the loading knowledge-base are likely to have
produced an acceptable "first-cut” load plan. However, the system will try to find a cargo
arrangement characterized by an optimal CG vaue while ensuring that all constraints are
satisfied. If the initial load is not acceptable, the system will make use of rules stored in the
validation knowledge-base to first dide the loaded items, if there is sufficient aircraft space
remaining to do so, or attempt to rearrange these items if dliding operations are not feasible.
TALBAS will stop when it has identified either an optimal load plan or an acceptable one. In
such cases where no possible solutions may be found for the list of given items to be loaded and
no more permutations can be made, the system issues a warning message indicating that no valid
load plans can be found with that combination of items.

A second role played by the expert system module concerns the validation of user-defined load
plans. In this case, it operates in the same fashion as described above when automatically
generating valid load plans with the difference that the initial load plan is produced by the user
himself.

CONCLUSION AND FUTURE WORK

In this paper, we have presented a knowledge-based alternative to facilitate load planning of
military aircraft. We have successfully incorporated most of the valuable features present in the
existing systems, AALPS and CALM, and adapted them to produce a tool tailored to meet the
specific requirements of the Canadian military environment. The major concerns which have
been addressed were the deployability and conviviality of the designed system. The CLIPS-
based expert system module automatically generates valid load configurations and validates user-
defined/modified load plans. The developed graphical user interface allows for the easy
alteration of existing plans.

Efforts in the design of the developed system have been primarily focused on the loading of the
C130 Hercules aircraft, since it is currently the principal airlift resource used by the Canadian
Forces for the transport of cargo and personnel. The system may however, be easily adapted to
accommodate other existing or future types of Canadian Forces transport aircraft. Expansion of
TALBAS to permit the loading of several aircraft, while giving due consideration to the
movement priority level assigned to each item to be airlifted, is currently under development.
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ABSTRACT

The Naval Research Laboratory has devel oped an oceanographic expert system that describes the
evolution of mesoscale features in the Gulf Stream region of the northwest Atlantic Ocean. These
features include the Gulf Stream current and the warm and cold core eddies associated with the
Gulf Stream. An explanation capability was added to the eddy prediction component of the
expert system in order to allow the system to justify the reasoning process it uses to make
predictions. The eddy prediction and explanation components of the system have recently been
redesigned and transated from OPS83 to C and CLIPS and the new system is called WATE
(Where Are Those Eddies). The new design has improved the system’'s readability,
understandability and maintainability and will aso allow the system to be incorporated into the
Semi-Automated Mesoscale Analysis System which will eventually be embedded into the
Navy’s Tactical Environmental Support System, Third Generation, TESS(3).

INTRODUCTION

One of the major reasons CLIPS is so widely used is the ease with which it allows arule base to
be incorporated as one component of a larger system. This has certainly been the case with the
eddy prediction component of the Semi-Automated Mesoscale Analysis System (SAMAYS) (3).
SAMAS is an image analysis system developed by the Naval Research Laboratory that includes
avariety of image analysis tools that enable the detection of mesoscale oceanographic featuresin
satellite images. Unfortunately, in the North Atlantic, many of the images are obscured by cloud
cover for lengthy periods of time. A hybrid system for use when features cannot be detected in
images has been developed that consists of a neural network that predicts movement of the Gulf
Stream and a rule base that predicts movement of eddies associated with the Gulf Stream. The
Gulf Stream and eddy prediction components were both originally implemented in OPS83 (4).
The Gulf Stream Prediction Module has been replaced by a neura network (3) and an
explanation component has recently been added to the OPS83 version of the eddy prediction
component (1). The eddy prediction rule base, WATE (Where Are Those Eddies), has been
trandlated to CLIPS because of the ease of integrating a CLIPS rule base into a larger system, the
ability to access routines written in C from CLIPS rules, and the support CLIPS provides for the
forward chaining reasoning used by the eddy prediction system. The explanation component of
WATE uses meta rules written in CLIPS to compose either rule traces or summary explanations
of the predicted movement of eddies.

3Thiswork was supported by the Naval Research L aboratory, Stennis Space Center under contract NAS 13-330.
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SYSTEM ARCHITECTURE
External Interfaces

The WATE component interacts with other SAMAS components as shown in Figure 1. WATE
interacts with the User Interface in two ways. First, WATE is invoked from the User Interface
when the user requests a prediction of Gulf Stream and eddy movement for a specified time.
Second, as WATE predicts the movement of the Gulf Stream by calling the Gulf Stream
Prediction Module and eddies by running the rule base, WATE calls User Interface routines to
update the graphical display of the positions of the Gulf Stream and eddies. The eddy prediction
rules call the Geometry Routines to compute distances and locations. WATE invokes the Gulf
Stream Prediction Module to predict the movement of the Gulf Stream for each time step. The
position of the Gulf Stream predicted by the neural network component must be accessed by the

eddy prediction rule base since the movement of eddies is influenced by the position of the Gulf
Stream.

User
Interface
Geometry
Routines |—
Gulf WATE

Stream
Prediction ’

Module

Figure 1. External Interfaces of WATE
Redesigned Control Structure

The control structure for the original expert system was written in procedural OPS code and had
been modified a number of times as the graphical user interface, eddy prediction, Gulf Stream
prediction, and explanation components were either modified or added. The result was a control
structure that was not modular and that contained a substantial number of obsolete variables and
statements. When the system was converted from OPS83, the control structure was completely
redesigned and rewritten in C. Pseudo code for the redesigned control structure is shown in
Figure 2. The resulting code was more efficient because it was written in compiled C code rather
than interpreted OPS83 procedura code.
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Initialization
GetUserOptions
SetUpCLIPS
SetUpPVWave
SetUpGulfStream

Prediction
Display initial positions of GS and eddies
for each time step do
update time
MoveGulfStream
Update display of GS
MoveEddies
Update display of eddies

Explanation
Explanation Composition
Explanation Presentation

Final Output

Figure 2. Control Structure of WATE
Translation from OPS83 to CLIPS

The original OPS83 working memory elements and rules had been completely restructured to
support an explanation component (1). The trandation of this restructured OPS83 code into
CLIPS was fairly simple since CLIPS has evolved from the OPS line. There is a very
straightforward translation from OPS83 working memory elements to CLIPS fact templates and
from OPS rules to CLIPS rules. In some cases, the OPS83 rules called OPS83 functions or
procedures. These functions and procedures were translated to C.

EXPLANATION COMPONENT

The explanation component allows the user to ask for either arule trace or summary explanation
for the prediction of the movement of each eddy at the end of each prediction cycle. The rule
trace explanations give a detailed trace of the instantiation of all rules that were fired to predict
the movement of an eddy. Although this type of trace has proven to be very useful in debugging
the system, it was immediately apparent that it contained a great deal of information that would
be of little interest to most users. Interviews with domain experts were used to determine the
information that would be of most interest to a user. The types of information they identified was
used to design the summary explanations. Presentation of these explanations requires that the
line of reasoning of the system be captured as the rules fired and that information from this rule
trace be extracted and organized for presentation to the user.

Rule Firing Capture
Capturing the rule trace for this domain in a usable form is simplified because all explanations
(both trace and summary) are focused on a particular eddy. This means that all of the rule-firings
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pertaining to the movement of one eddy can be stored together and presented as one explanation.
This is accomplished by asserting a rule-fire-record template fact for each eddy for each time
step with the following deftemplate definition:

(deftenplate rule-fire-record
(field ringtype
(al | oned-synbol s wer ccr))
(field refno
(type I NTEGER))
(field tine
(type | NTEGER))
(multifield rules-fired
(type SYMBQL)))

The ringtype, eddy identifier (refno), and time stamp (time) uniquely identify each rule-fire-
record. The rules-fired multifield is used to store a list of the names of the rules that fired to
predict the movement of the eddy during this time step. Each time a rule fires as part of the
prediction process for a particular eddy, the rule name is added to the end of therules-fired list .

A second set of template factsis used to record the instantiation of each rule that fires. Each time
a rule fires, a values-for-explanation template fact is asserted which gives the value bound to
each variable when the rule was fired. The deftemplate definition for values-for-explanation is:

(deftenpl at e val ues-for-explanation

(field rul e-name

(type SymBQL))
(field ringtype

(al | oned-synbol s wer ccr))
(field refno

(type | NTEGER))
(field tinme

(type | NTEGER))
(multifield var-val

(type SYMBQL)))

This template contains slots for the rule name, the eddy identifier and type, and the time stamp.
In addition, it contains a multifield slot whose value is a sequence of variable value pairs that
gives the name of each variable used in the rule-firing and the value bound to that variable when
the rule fired. This approach can be used in this domain because a single rule will never fire more
than one time for a particular eddy during one time step, and all slots in templates used by the
eddy prediction rules are single value. The records of the rules that fired for a particular eddy are
used by meta rules to produce the explanations.

Explanation Construction and Presentation

If the user requests an explanation for a specific eddy, a set of explanation meta rules are used to
construct an explanation for the predicted movement of an eddy. The user may request either a
rule-trace explanation or a summary explanation. When the user makes the request, a sequence of
explain-eddy facts for that eddy are asserted each with a progressively higher time stamp. The
fact template for an explain-eddy fact is:

(explain-eddy ccr | wer <ref-no> <tine> summary | rule-trace).

The presence of this fact causes the explain-single-eddy rule to fire one time for each rule that
fired to predict the movement of the eddy for that time step. Each explain-single-eddy rule firing
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matches a rule name from the rulesfired slot of the rulefire-record with a values-for-
explanation template for that eddy type, number, and time stamp. A fill-template fact is then
asserted into working memory which contains all of the information needed to explain that rule
firing--either in rule-trace or summary form. For each rule, there are two explanation meta rules.
Thefirst is used when a rule-trace has been requested and is a natural language translation of the
rule. It will give the value of al variables used in the rule instantiation. The second is used when
asummary has been requested. It gives a much shorter summary of the actions of therule. A few
rules that are used to control the sequence of rule-firing produce no text for a summary
explanation. When an explanation metarule fires, it causes a natural language trandation of the
rule to be sent to the user interface for presentation to the user.

The user may request an explanation of the movement of all eddies instead of just a single eddy.
In this case, the process above is simply repeated for each eddy.

SUMMARY AND FUTURE WORK

WATE has been successfully converted from OPS83 to C and CLIPS. This conversion will
facilitate the incorporation of WATE into SAMAS 1.2 which will eventually be embedded in
TESS(3). The modular control structure of WATE is easier to understand and maintain than that
of the previous system. The explanation component has been implemented using CLIPS
metarules. This causes some additiona maintenance burden since the two metarules that
correspond to each rule must be modified if a rule is modified. In the present system, the rule-
fire-record and val ues-for-explanation template facts are asserted by each individual rule. We are
currently modifying the CLIPS inference engine to capture this information automatically as the
rulesfire.

Explanations produced by the current system have two major shortcomings. First, there is till a
great deal of room for improvement in the summarization capabilities of the system. In
particular, the system should be summarizing over both temporal and spatial dimensions. If an
eddy’ s predicted movement is essentially in the same direction and speed for each time step, then
al of this information should be collapsed into one explanation. Likewise, if several eddies all
have similar movement over one or more time steps, this should be collapsed into a single
explanation. The second shortcoming deals with the lack of explanation of the predictions of the
neural network component. Some recent results reported in the literature have addressed this sort
of problem.
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ABSTRACT

An Intelligent Individualized Instruction (13) system is being built to provide computerized
instruction. We present the roles of a translator and a problem solver in an intelligent computer
system. The modular design of the system provides for easier development and allows for future
expansion and maintenance. CLIPS modules and classes are utilized for the purpose of the
modular design and inter module communications. CLIPS facts and rules are used to represent
the system components and the knowledge base. CLIPS provides an inferencing mechanism to
alow the I3 system to solve problems presented to it in English.

INTRODUCTION

The Intelligent Individualized Instruction (13) system is an intelligent teaching system that makes
possible the knowledge transfer from a human to a computer system (knowledge acquisition),
and from the system to a human (intelligent tutoring system (ITS)). The ITS portion of the I3
system provides an interactive learning environment where the system provides self-sufficient
instruction and solves the problem presented in a written natural language. Self-sufficient
instruction means that no instructor is required during the learning cycle. Solving problems
written in a natural language means that the system is able to ‘understand’ the natural language:
It is not an easy task, especially without any restriction on the usage of vocabulary and/or format.

Two 13 system modules, a Trandlator and an Expert (a problem solver and a domain glossary),
understand a problem presented to it in English by trandation and keyword pattern matching
processes. The I3’'s pattern matching method uses the case-based parsing [Riesbeck and Schank
1989] that searches its memory (knowledge base) to match the problem with stored phrase
templates. Unlike other case-based parsers (e.g., CY C project [Lenat and Feigenbaum, 1989]) the
I3 system does not understand the problem statement as a human does. A human uses common
sense or other background knowledge to understand it. Rather the I3 system ‘understands
enough about the problem for the system to be able to solve the problem. We will discuss how
the system ‘understands' the human language.

AN INTELLIGENT INDIVIDUALIZED INSTRUCTION (13) SYSTEM

The I3 system is a Knowledge Based System that is composed of domain dependent modules,
domain independent modules, and a User interface module. The domain dependent modules (the
Domain Expert and the Domain Expert Instructor) carry the domain expertise that enables the
other modules remain domain independent. The separation of these domain dependent modules
from the rest of the system makes the system reusable. Whenever the 13 system is applied to
another domain, only the domain-dependent knowledge of the new domain is needed.
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The goa of the I3 system is to provide a student with individualized learning to attain
competency [Biegel 1993]. The I3 knowledge presentation subsystem generates self-sufficient
instructions. The | 3 system contains instructional components (Student Model, Teacher, Domain
Expert Instructor, Control, and User Interface) and problem solving components (Translator and
Domain Expert).

Instructional Components Problem Solving Components
Domain Expert Instructor Domalﬂ Expert )
Teaching Domain
Knowledge Glossary
7 B}
I
Student «ki)— _ Problem
Model - = Generator Pt Solver

N
j = aE
Control Teacher FHL Translator

= e
User Interface :
Legend '
] Domain Independent Modules Control Flow

<> Domain Dependent Modules <> Data Flow

<l Domain Knowledge Flow

Figure 1. System architecture of 13’ sintelligent teaching system

e The Student Model module evaluates and maintains the trainee' s performance overall or
on individual lessons.

»  The Teacher module contains the knowledge about generic didactic strategiesto
customize each lesson by selecting and sequencing the instruction material.

»  The Domain Expert Instructor (DEI) module represents the domain dependent teaching
methodology. The DEI module provides the Teacher module with the teaching
strategies, and the Student Model module with the evaluation criteriafor the individual
and/or overall lesson.

»  The Control module manages the operation and maintains the modules' communications
within the system.

e The User Interface module handles all communications between the user and the system.

*  The Trandator module parses atrainee's input and trandates it into a system-
understandable format.

»  The Domain Expert (DE) module contains a knowledge base representing the problem-
solving knowledge of a human domain expert.

DESIGN OF THE TRANSLATOR AND THE PROBLEM SOLVER

The Trandator module and the Domain Expert module provide the user with the proper
interpretation of the problem and the correct solution. Together, they allow a system to apply
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domain expert heuristics to solve problems by pattern matching. Pattern matching allows the
system to ‘understand’ a problem statement within the domain for which the system has been
built. The problem statement can be translated into a set of rules and facts. Since the problem
solver cannot tranglate English (or other natural language) directly into computer readable code,
it relies on a trandator to provide a communication mechanism between the user and the
computer.

The Trandator provides a full duplex communication medium between the human and the
computer. The user will not be constrained in the format of the input problem and will not be
required to do any parsing or be restricted to a limited syntax. The Translator module translates
the domain jargon of an input problem into a system understandable format.

The major tasks of the trandlator are: (1) to convert text into computer readable code, and (2) to
provide a knowledge base conversion and problem representation process. The text conversion
process includes checking for correct spelling and removing all unnecessary symbols. The
knowledge base conversion process includes (1) the conversion of awritten number to a numeric
value, (2) filtering out unnecessary words, and (3) replacing words with stem (root) or exemplar
words. The knowledge based process uses a number conversion list, alist of words unnecessary
for problem solving, and a domain thesaurus. The Intelligent Individualized Instruction system
separates the knowledge base (domain glossary) which is the collection of the domain thesaurus,
the domain template dictionary, and the unnecessary word listing, from the translation process.

The Domain Expert interprets the trandlated input using a domain vocabulary as a reference,
selects a suitable method from a list of solution methods, and finds a solution. The Domain
Expert (DE) consists of three parts, a Domain Glossary (DG), a set of Managers, and a Problem
Solver (PS). The DE imitates the expert’s methodol ogies of problem solving: The DG acts as the
expert’s memory by providing the necessary problem solving knowledge. Each Manager acts as
the expert’s procedural knowledge by solving a routine of the problem in one specific area. The
PS acts as the scheduling and reasoning processes by controlling and scheduling the Managersin
proceeding toward the solution of a problem.

The Domain Glossary represents the domain expertise. The DG consists of a domain template
dictionary, a domain thesaurus, an unnecessary word listing, a domain symbol list, and a domain
theory list. The DG represents relational knowledge (e.g., one year is twelve months), factual
knowledge (e.g., ‘interest rate’ means domain variable i), and a list of words and symbols (e.g.,
‘%' has a special meaning of interest rate in the Engineering Economy domain).

Special dictionaries for the domain provide benefits such as faster look up access than a general
dictionary, and a higher priority to find the correct interpretation. The problem solver does not
have to consider al different combinations of words variables. It searches its own smaller
dictionary that contains the necessary information in the application domain. English text
(problem statement) is interpreted/translated by using the domain thesaurus without knowing the
general meaning of the word. The thesaurus contains all words relevant to the domain. Each
word is connected to alist of possible interpretations. Each word in the statement is looked up in
the thesaurus and replaced by all relevant symbols.

The number of words in the domain vocabulary will vary between domains, but a vocabulary of
500 or so words and symbols will most likely cover most of the undergraduate engineering
domains.

Each Manager handles one specific area of problem solving. It is a self-sufficient object that
contains procedural knowledge (rules) and factual knowledge (facts) attached to it, and that
knows how to handle situations upon request. When activated, a Manager searches the input
statement for matched patterns in its templates. If a match is found, the Manager processes or
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interprets that portion of the problem statement. For example, a Date Manager knows how to
interpret key terms that are related to the date, how to compare two date instances, and how to
calculate the period from two date instances. When a problem statement contains “... invest
$5000 on January 1, 1994, ... will be accumulated in 5 years hence ... ”, the Date Manager
replaces the statement with “ ... invest $5000 on [D1] ... will be accumulated in [D2] ... ” where
[D1] and [D2] are instances of a Date class and are represented as.

([Date::D1] isaDate ([Date::D2] isaDate
(year 1994) (year 5)
(month 1) (month 0)
(day 1) (day 0)
(base none) ) (base [Date::D1]))

Some mangers handle both domain dependent and independent situations based on the factual
knowledge they have. Communication among managers can be made through dedicated
communication channels, such as CLIPS class objects or templ ates.

The Domain Expert module is of a modular design and maintains the separation of strategic
knowledge from factual knowledge. The domain expertise can be categorized into three levels:
high level control knowledge (a Problem Solver), middle level procedural knowledge
(Managers), and low level factual knowledge (a Domain Glossary). By nature, the low level
factual knowledge tends to be domain specific, and the high level control knowledge tends to be
a domain independent. Any addition to the knowledge base can be accomplished by adding a
Manager and its associated knowledge into the DG.

PROBLEM SOLVING IN THE I3 SYSTEM

The problem solver applies a separate-and-solve method that breaks a problem statement into
several small blocks, interprets each block, and then logically restructures them. The problem
solving steps include interpretation of the problem statement, selection of the formula, and
mathematical calculation. The steps are depicted in Figure 2 in which boxes on the left hand side
represent the changes of the problem statement from input English text to the answer. The middle
ovals show the problem solving processors. The right hand side boxes represent the domain
expertise of the domain glossary. The problem solving process is generic so it can be used in
other domainsif the new domain expertise is available.

The I3 system problem solving routine is performed by the problem solving components. the
User Interface, the Trandlator, and the Domain Expert (the Problem Solver, the Managers, and
the Domain Glossary). The routine includes initial domain independent processes (translating
and filtering an input problem), and main domain dependent processes (interpreting the problem,
selecting a solution method, and deriving an answer).

A user enters an engineering economics problem through the User Interface, as shown in Figure
3. The Trandator performs filtering process by checking correct spelling using its English
dictionary. The Trandator converts the input problem statement into system understandable
format; plural words to singular; past tense to present; uppercase words to lowercase; verbal
numbers to numeric values; and separates symbols from numeric values (Figure 4). For example,
part of the problem statement “If $10,000 is invested at 6% interest compounded annually”
becomes “if $ 10000 is invest at 6 % interest compound annua”. Now, all the elements in the
problem statement are known to the system.

The problem statement is divided into several blocks in order to distribute the complexity of the
problem (Figure 5). Each block is a knowledge unit that contains a domain variable and a
numeric value. The knowledge unit contains necessary as well as unnecessary information for
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interpreting the problem statement. Any unnecessary word such as 'at’ must be removed before
reasoning, because they only required overhead on the system during the process of reasoning.

Problem (English text) '
v ( Translate the problem ) English language dictionary
Problem (system format)
Apply exbert rules Specia Characters
* (problem solving)
Blocks (Knowledge units) v
-
' k Remove unnecessary Words> Unnecessary word list
Problem w/o unnecessary words
v Interpret aword or Domain thesaurus
aset of words
Key variable & value pairs
Replacel/interpret Domain thesaurus &
v Iresolve conflicts Domain template dictionary
\Variable combinations for problem
Y Select adomain theory Solution method list
(asolution method)

A solution method & known values|

* ( Find correct solution )

Answer for the problem

Figure 2. problem solving process

How much money will you have accumulated three years from now If
$10,000 isinvested at 6% interest compounded annually?

Figure 3. A sample problem in engineering economics

Plural to singular: years => year

past tense to present tense: invested => invest
compounded => compound
accumulated => accumulate

Upper case to lower case: How => how

verbal number to numeric number: three=>3

remove commawithin a number: 10,000 => 10000

separate symbol from number: $10000 => $ 10000
6% =>6 %

Figure 4. Conversion process
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Block (Knowledge unit) Unnecessary word
1. how much money will you have accumulate you have

2. three year from now

3. if $10,000 isinvest if,is

4. at 6% interest compound annually at

Figure 5. Removing unnecessary words from each knowledge unit

Knowledge unit Interpretation
1. how much money will ... accumulate Find F

2. 3year from now N=3

3. ... $10000 ... invest P = 10000
4. ... 6 % interest compound annual I =6%

Figure 6. Knowledge Units of the Sample Problem

at 6 % interest compound annually

¢

1. interest rate 1. interest (amount) 1. interest rate
2. interest rate 2. interest
3. annual amount

Figure 7. Domain Thesaurus Interpretation Example

Given P, 1, N, and Find F.
Solution strategy is F = P ( F/ P, 1%, N))

Figure 8. Finding a Solution Strategy

Asan instance, ablock “if $10000 isinvest” will be interpreted as a present worth “P = $10000”
because ‘if’ and ‘is’ are unnecessary, ‘invest’ is used previously as present worth, and ‘ $10000’
isavalue of the variable. Unnecessary words can be found in all problems in the domain, but not
in the list of domain templates. A domain template is a sequence of words, a knowledge unit, that
is used to interpret a domain variable. The unnecessary word is not used uniquely: it could be
found in the templates for all different variables.

The Problem Solver interprets each knowledge unit by applying the domain thesaurus and
domain template dictionary. For example, when a text block, ‘at 6% interest compound annual’
is given to the system, the knowledge base provides interpretation of the block: 1) word by word:
The word 'at' is an unnecessary word for solving the problem. Next word, ‘%', will be interpreted
as 'interest rate," and ‘compound' as 'interest rate.’ The word ‘interest’ has two meanings: 'interest’
(amount of money) and ‘interest rate’ (rate). The last word "annual’ could be represented in three
different variables:. 'interest,’ 'interest rate,’ and 'annual value' (Figure 7). 2) as atemplate 'interest
compound annual' meaning ‘interest rate.' Such conflicts will be resolved by selecting an
interpretation with the highest priority among al different possibilities. The knowledge base
provides the necessary knowledge to determine which one has higher priority.

The Problem Solver sends the interpretation of the problem statement to the domain theory
selector. The interpretation of the problem (for example, P = $10000, i = 6%, N =3 year, and Fis
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unknown) is used to select an appropriate solution method (F = P ( F/ P, i%, N)) (Figure 8).
The system applies the interpretation of the problem to the solution method
(F = 10000 ( F/ P, 6%, 3)). The solution found is presented to the user through the User
Interface.

CONCLUSION

The Trandlator and the Problem Solver in the I3 system have demonstrated that the knowledge
based interpretation of natural language is feasible. Modular design of the Problem Solver
provides the system's expandability and reusability. Expanded problem solving capability of the
system can be accomplished by adding more knowledge to the Domain Glossary. Reusability can
be enhanced by replacing or adding managers to the Problem Solver without reprogramming
other parts of the system. Combining rule based processing with objects (or an integration of
object oriented system with an intelligent system) makes it possible to define domain knowledge
about the application further than with rules alone.

The I3 system is being developed on an IBM compatible 486 machine using the C/C++
programming language (Microsoft Visual C++) and CLIPS 6 (C Language Integrated Production
System, by NASA Lyndon B. Johnson Space Center, a forward chaining expert system shell
based on the Rete algorithm).
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ABSTRACT

At the last CLIPS conference, we discussed our ideas for adding a tempora dimension to the
Rete network used to implement CLIPS. The resulting historical Rete network could then be
used to store 'historical’ information about a run of a CLIPS program, to aid in debugging.
MIRO, a debugging tool for CLIPS built on top of CLIPS, incorporates such a historical Rete
network and uses it to support its prototype question-answering capability. By enabling CLIPS
users to directly ask debugging-related questions about the history of a program run, we hope to
reduce the amount of single-stepping and program tracing required to debug a CLIPS program.
In this paper, we briefly describe MIRO's architecture and implementation, and the current
question-types that MIRO supports. These question-types are further illustrated using an
example, and the benefits of the debugging tool are discussed. We also present empirical results
that measure the run-time and partial storage overhead of MIRO, and discuss how MIRO may
also be used to study various efficiency aspects of CLIPS programs.

INTRODUCTION

In debugging programs written in a forward-chaining, data-driven language such as CLIPS,
programmers often have need for certain historical details from a program run: for example,
when a particular rule fired, or when a particular fact was in working memory. In a paper
presented at the last CLIPS conference [4], we proposed modifying the Rete network, used for
determining which rules are eligible to fire a a given time, within CLIPS, to retain such
historical information. The information thus saved using this historical Rete network would be
used to support a debugging-oriented question-answering System.

Since the presentation of that paper, we have implemented historical Rete and a prototype
guestion-answering system within MIRO, a debugging tool for CLIPS built on top of CLIPS.
MIRO's question-answering system can make it much less tedious to obtain historical details of a
CLIPS program run as compared to such current practices as rerunning the program one step at a
time, or studying traces of the program. In addition, it turns out that MIRO may also make it
easier to analyze certain efficiency-related aspects of CLIPS program runs. for example, one can
much more easily determine the number of matches that occurred for a particular left-hand-side
condition in arule, or even the number of matches for a subset of |eft-hand-side conditions (those
involved in beta memories within the Rete network).

The rest of the paper is organized as follows. Section two briefly describes MIRO's architecture
and implementation. Section three then gives the currently-supported question-types, and
illustrates how some of those question-types can be used to help with debugging. Empirical
results regarding MIRO's run-time and partial storage overhead costs are given in section four,
and section five discusses some ideas for how MIRO might be used to study various efficiency
aspects of CLIPS