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ABSTRACT

This paper describes the implementation of an Al system that can perform .the dual role of Job
Parformance ATd (JPA) and Intelligent Tutor (IT) for use in On-the=Job Trafning (OJT). It is well known
that the bast buman experts possess a mental model of internal equipment operation and a good +trainer
will tieach this conceptual knowledge as well as the uwsual diagnostic skills. The Intelligent Tutor
partion 1{s aimed at building this mental modei through {nteraction with a simulatfon of the = equipment.
The student interface employs high resclution graphics and a mouse. The simulation is a qualitative
causal model which 1is much simpler than a full mathematical model yet ~retains all the “important
distinctions between system states. .The Job Performance Aid is an Expert System ' {E3} which fis
automatically derivad from the qualitative simulation model. This s accomplished by using the model to
predict the behavior of the equipment and the propagation of effects under all conceivable conditions.
The ES rules are then induced from the fault symptom pattern produced by exercising the model. By
taking this approach, the ES provides "deep reasontng™ as opposed to the shallow reasoning” often found
in an ES based solely on externally observable features.

INTRODUCTION

In recent = years Expert Systems have been
successfully applied to a wide varfety of
mafntenance problems. There are, however, several
Timitations of the current generation Expsrt
Systems. ¥First, thay do 1ittle to improve the level
of wunderstanding of underiying principles by the
user. Second, the domain of application 1{s very
Timited and specific such that wunusual situations
are not easily handled. Third, most current Expert
Systems are based onm "shallow reasoning® in which
abservable symptoms are empirically associated with
various - end results. Consequentlys in addition to
providing an Expert System as a Job Performance Atld
(JPA) 1t 1s necessary to Improve the level of
understanding on the part of the maintenance
technician. It has been demonstrated that the real
human experts have developed a mental model of the
inner workings of the system being diagnosed. This
enables them to diagnose problems they have never
seen before (de Kleer. and Brown. 1983). The mental
model does not need to be at the same level of
detall as a design englineer would have. A1l that 1s
necessary 1is for the troubleshooter to possess a
qualitative causal model which enables him to
understand how the system elements interact with
sach other and how effects are propagated.

While diagnostic Expert Systems are very useful
to the maintenance process, they do not reduce the
need to develop true human experts. Ideally i
cosperative problem solving environment should be
provided 1in which both man and computer (ES)
contribute - according to their respective strengths
(Thomas 1985}, = This goal can be accomplished by
creating an OJT environment in which the function of
the maintenance support system could vary as shown
in Figure 1. Under crisis conditions it would act
as an expert JPA; minimizing time to completion.
Under conditions of light workload 1t would function
as a off-line Intelligent Tutoring System (ITS)
using advanced explanation faciiities and tutoring
techniques. Under normal conditions 1t  would
perform - a- mix of JPA and ITS which would help +to
improve the efficiency of OJT. For the mafntenance
domain, an expert QT system could 1) improve the
abiiity - of the low end psrformers to the average
Tevels 2) support the high end performers when they
are under time pressure by forcing a rational
approach, and 3) preserve eroding expertise in a
usable form. The intention is not to replace man
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T JPA,
- operation

but to support him by integration of expert system
khowledge with his own experience. For advanced
this <alls for a mixed finitiative mode of
in which either man or machine can take
the lead depending on the particular circumstances.
The basic architecture of a system intended for this
dual role is iTlustrated in Figure Z.
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Figure 2. Combined JPA and Tutor

The central thrust of this architecture is the
common knowledge base which at a high enough Tevel
of abstractien is a simple concept. Howevers the
structure of this knowledge base - from - an
implomentation point of view creates a problem. The
difficulty 1s that a different form of knowledge  is
nocessary for imstructional. purposes than for
diagnostic support (JPA} purposes. The first
application requires theoretical knowledge of system
operation under normal and malfunction conditicns.



. fnstructionai

The second requires knowledge of
procadures and strategies. The solution fo this
dual need 15 a qualitative simulation model of +the
system Tn question. The qualffative model (with
addsd tutorial materiall <can serve as _an
tool and can also form the source of
rules for the diagnostic Expert System.

In this papar the principles of qualitative
simiTation are described which are then appifed +to
the construction of a specific model for a jet
engine ofl system. Next, the use of the qualftative
model for instructiconal purposes is described. The
procedurs for deriving an Expert System from the
qualitative model s discussed. Finally, a typical
user scenaric is 131lustrated.

QUALITATIVE SIMULATION

Qualitative Simulation 15 a relatively - new
technique (Kuipars, 1986) and 1s based on
Qualitative Physics (OP). ‘The goals of QP are +to
Tdentify the distinctions and laws that
gualitatively describe the behavior of physical

devices . without wusfng quantitative  methods.
Specificallys these goals are: :

1,. To be far simpler than classical physics
and. _yet retain all the important
distinctions without invaking “the
mathematics of  continuously varying

quantities and differential equations.

2, To produce causal accounts of physical
mechanism that are easy to understand.

3. Te provide the foundations for deep
reasoning models for the next. generation
of Expert Systems

4. - To be executed efficiently thus
a real-time capability.

providing

The principles of QF can be applied to  build
quatitative models that are suitable abstractions of
physical systems f{or maintenance purposes. The
objective 1is to build a model that represents the
causal behavior of & system based on the behavior of
its component parts when Tnterconnected 1in a
particular manner. The propagation of effects both
normal. and- abnormal can be studied and wused for
maintainabiiity oriented problems in = design»
training, and troubleshooting.- - - - - -

Fach state varfable of Qualitative Simulation
is represented by a small firite number of values

known as landmark valwes. Landmark values can be
numeric or-symbolic such as lows madiums, high, or
present, absent or ons off, etc. In maintenance

applications many landmark values are binary. The
choice of Tandmark values depends on the critfcality

of the cperational values of the actual variable.
Rates of change of landmark variables are represen-
. ted simply as +s 0, =» to mean 1increasing, steady

and decreasings respectively. A significant event
as in the case of a change in a Tandmark value is
reprassented by a distinguished time point t. A
qualitative simulation has a finite number of dis-
tinguished time points. Any quaiitative functfon f
can therefore be described in terms of " landmark
values, derivations, and the finite set -~ of
timapoints.

The system can then be described by a series of
qualitative functions and a number of constraints.
A constraint is used to determins what happens when
2 Tapdmark value is resached or a certain combination

diagnostic -

-transferred in the reverse dirsction.

of TJandmark values of different functions occurs.
In other words, the rules of behavior are expressed
in terms of constraints. Using this approach, the
possible behaviors of a system can be predicted from
the 1initial conditions and the constraints. The
behavioral description may then be used to explain a
set of observations or the way a system operates.

Once a qualitative model has been develcped, it
can be wused effectively for tralning maintenance
technicians in the following topic areas, or levels
of understanding and experiise.

Physical structure and connection
System functionality -
Fault detection and diagnosis
Optimal troubleshooting strategies

cC 000

In addition to forming the basis of an
instructional device, the qualitative modg! can be
used to derive a diagnostic ES by causal reasening.

The model thus ssrves as the common knowledge . base

in Figure 2.
Eroblem Definifion

The size and complexity of this prototype was a
major concern in the early project planning phase.-
It was decided that for a prototype system. a
bounded, well-defined, problem of abowt 50 rules
would be the optimum size. It was also decided that
a more generic type of system such as an engine
subsystem _would be a more representative example.
Therefore, a simplified version of an aircraft
engine oil Tubrication system was selected as the
subject for this E3-Simulation prototype development

project. It was named JEDI for Jet Engine
Diagnostic. C coC -
The Simulation Model consists of nine

components (i.e., objects}. Inctuded in the model

-are the oi1 tank, strainer, pump, filters oil air

coolers cold start bypass valves gear boxs ofl
pressure transmitter. and the oil pressure gauge.
This 1s a simplified version of the actual F-100 Jet:
Engine 011 Lubrication System. These objects are
connected as shown in Figure 3.

Mode Implementation

An object oriented programming approach was
taken with each of the nine components of the ofl
system fimplemented as an object. The objects
communicate with eack other by exchanging atiribute
values. Each object is only aware of its _immediats
neighbors but the effects of-a change in ope object
can be propagated around the network. In Figure 4 a
digraph representation shows the exchange of
attribyte values between adjacent nodes. Note that
two extra components have been added {the branch and
the Join} +tfo cops with modification of attribute
values at these junctions. The atiributes  used
between the components are as follows.

s» 011 supply

ps oil pressure

fs oil fiow

e, ofl temparature

A 0il foam

r, resistance to flow

The first five attributes are passed In +he
direction of oi1 fiow wheresas the resistance 1is
Thus a change
in resistance in the gear box (perhaps due to a
change 1in temperature) will be passed back tc the
pump whers it will affsct delivery pressure.
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The behavior of each component in the system is
represented by a set of rules. The values of the
output attributes are a function of the input
attribute -values and the current state of the
object. For example, consider the pump ~shown 1in
Figure 5. The rpm is set externally by the model
user as 1s the state which . i{s normal or
malfunctioning.  One of several rules that define
the pump's behavior is as follows. :

If the pump stats is normal
and ¢il supply is present
and the rpm is 1die
~and the resistance 1s low
Then the output pressure is Tow

INPUT
spfea r
SET STATE snfea
LEAKAGE
PUMP QUTPUT
SET RPM r
— ) - .
spfea r
NORMAL
QUTPUT : T
Figure 5. Pump Interface

Each component has its own independent rule set
and when connected as shown in Figure 4 the model
behaves 1n a simiiar manner to the real systeam.

Besults of the Simulation

By running the simulation model several times
with a different fauit inserted each time, a pattern
of attribute values is cbtained for each case. For
diagnestic purposes this can be used in reverse such
that the given pattern of atiribute values infers a

specific malfunction. Table 1 shows the
symptom/malfunction matrix resulting from the
simtlation. Tables 2 and 3 define the attribute

values X and the malfunctions Y inserted at each
run. MNote that not all attributes are Included;
e.g.» resistance and flow. This is a good example
of underiying wmechanisms not externally visible
which separates deep reasoning from shallow
reasoning. The results in Table 1 were then used to
derive a diagnostic ES for the oil system.

Generation of the ES 2

The diagnostic procedurse .starts with the
recognition of an inftial symptomyusually zero oil
pressure or abnormally lew oil pressure. Following
this a series of tests is performed to determine
further symptoms; i.e., other attribute values. The
sequence of tests is based on the value of each test
dafined as follows. ’

Value of Test = .
Cost of Test
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Tabie 1. Symptom Malfunction Relation

XL X2 X3 X4 X5 X6 X7 X X9 Y
L 2 1 0 0 1 0 ¢ . 0 0
H 4 I ¢ 0 1 0 ¢ .0 0
* 0 1 0 0 1 0 0 0 1
s} 9] 0 ¢ 0 0 0 o 1 2
L 1 1. .0 1 1 0 0 0 3
H 3 1 0 1 1 0 0 4] 3
+ 4] 1 o 0 4] 0 0 v 4
+ 0 ] 0 0 0 1 0 0 5
+ (] 1 0 ¢ 1 0 0 g [
+ o] 1 0 0 1 0 1 o 7
L 1 1 g ] 1 0 0] 0 8
H 3 1 0 ] 1 ] 0 ] 8
# 0 1 1 0 1 0 Iy a .9
L 1 L 1 o] 1 0 o _ 0. .10
H 3 1 1 Q 1 0 .0 a 10
* = any value of X1
+ = L or H values of XI _
Table Z. Attributes and Eligible Yalues
X . Attribute ETigible Yalues
X1  rpm 0 zero
t 1dle
H mi1/max
X2 indicated oil L idle .
pressure (p') 1 Tow at idle
2 nermal at idie
3 low at mil
4 normal at mil
X3 oil supply 4] no ofl in tank
I . .some of7 1n tank
X4 foaming oil 1 no foam
1 foam present
X5 oil temperature 0 vwarm (npormal)
1 hot
X6 - breather pressure a no. pressure
1 normal pressure
X7  oil in the ducts - 0 no ol in ducts
1 il in ducts
X8  delta-p 0 not extendsd-
1 extendad
X9  oil on the ground 1 o1l on ground
4] no ofl on ground
Table 3. Malfunctions
¥ Value Malfunction
Q ne malfunction
1 sheared pump shatft
2 warm pump gears
3 cold start valve stuck open
4 breather valve stuck closed
5 ruptured oil air cooler
6 clogged strainsr
7 clogged filter
8 Toose shut~off value .
9 pressure transducer total failure
1¢ pressure transducer partial failure

_ deep reasoning has been achieved.

The 1informatien gained is a function of the
relative 1ikelihood of the possible malfunctions
that could cause the symptom. The cost of the test
is simply the time +taken to establish 1f a

. particular symptom is pressnt or not. By using the
data in Table 1 in conjunction with data on values

of the various tests (not shown here), the decision
tree in Figure 6 was cbtained. ' This represents the
optimum seguehce of tests to diagnose problems in
the oi} system. This was then converted to an ES by
translating into a query/response system wusing

actual names as shown in Figure 7. This now forms

the JPA portion of Figure 2. The goal of deriving
an ES from a description of ths system operation by

Figure 6. Decision Tree
System Oporation

The dinterface with the user {(student and/or
probiem seclver) 1s shown in Figure 8.  Animation

- using computer graphics s used to display- the

behavior of the oil system. . The user graphics
intarface also contains a simulated +throttle and

' engine RPM gauge, and an engine start switch (used

to activate the simulation model).

A typical simulation model scenario would be to |

select one of ten possible malfunctions from the
menu and Pstart™ the engine. The model receives the
matfunction state information from <the intearface
handier, the results or effects of that condition
are propagated around the model +to 217 objects:
until a new steady state condition is reached.

The user may inspect each object to determine
the status of key parameters, such as ofl pressure,
oil flow, or oil temperature.  The student may also
inspect +the condition or status of any components
such as the pumps, or the f{lter, for the existence
of a malfunction. A menu appears on the screen,
from which “the system user can request component
status to be displayed. in the component state
window, :
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Irnubleshooting and Fault Isolation

The student may elect to perform his own
troubleshooting - and fault diagnosiss by examining
tha various components, until he 1sclates the fault.
Ors the student may select the Expert System option-
on ‘the Mair Menu. In this case, the Expert System
guides the student, with a query/response sequence.

User Interface
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- examining the

through an optimum fault -  isolation and
troubleshooting - procedure. The Expert System
requests certaln component status {nformation from
the . siudent, based on the . student's earlier
responses. The student obtafns this information by
appropriate component 1n  the
simulation model's schematic diagram.



In this way, the student may operste in either
a practice or test mode. In a practice modes the
student selects the malfunction ahd performs his own
troubleshooting or requests the: guidance” of ‘the
expart - system. In a test modael. the student can
&1low the system to select the malfunction, and then
perform his own fault iselation +troubleshooting
procadure.

System Development Environment

The JEDI system was developed on.a Xerox 1108
Al workstation. The system configuration {ncluded
3.5 Mbs RAM, 40 Mb hard disk. and a 17" graphics
monitor (1024 x 808), and a keyboard and mouse. The
systam was written in Interlisp I}y a programming
environment based on the 1isp programming language.
. It 15 widely used within the artificial intelligence
community, where it has been used to develop a
variety of applications, such as- MYCIN - {Teitelman
and Masinter, 1981). The selection of = this
programming environment proved very helpful in the
actual coding and development phase. ~ The JEDI
systam  including the simulation modelr oxpert
system, and 1interactive graphics Iinterface was
completed in a total of ten man days. This included
codings testings, review, changes, and edits.

Recommandatfons and Future Plans L

Following successful - demonstration of  the
prototype JEDI systems the Tollowing enhancements
and extensions were recommended. First, additional
explanation should be added to the JPA Expert
System. This feature should not only explain why a
certain conclusion was reached, but also explain the

significance of the requests for further information
as the tree is traversed.. When the fault diagnosis
is reached, the prescribed corrective action should
bs requested from the student. This can be enhanced
by the use of a video disk system that could also
display video/audio segments depicting replace or
repair activity. Another recommendation s to add
an  Intelligent Tutor {which is another form of
Expert System) that embodies the skill of a teacher
25 opposed to the skill of a problems solver.

For the Intelligent Tutor to be effective, It
1s also necessary to include a Student Model which
reflects +the student's knowledge and learning
abilities. Another arsa for future work is the true
- integration of the knowledge bases for JPA and QIT
as was sShown in Figure 2. This 1is a nontrivial
task. In additicns the scope of the problem should
be expanded somewhat so as to represent a real-worid
practical situation.
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