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Abstract

An expert system designed for per-
forming troubleshooting diagnostics
in manufacturing and assembly equip-
ment is described. The components
that make up the system, and their
individual functions are discussed.
The system is fully operational and
in routine production use. Its inno-
vative aspects are described at
length. The system is generic in
that it can be used for virtually
all kinds of machines with rotating
components. The modularity is ob-
tained through separation of data-
bases and knowledge bases. The
system utilizes sensory data, and
can serve both as a diagnostic tool
and as a predictive tool. Further-
more, no "trend" or "baseline" data
is needed. The paper includes our
experiences in the complete develop-
ment cycle of the system including
development, implementation, testing
and validation considerations. Re-
sults and benefits of our work are
sun~narized.

Introduction

Machines wear in the course of per-
forming their work. As degradation
continues, machine failure is inevi-
table. These failures occur randomly
and are disruptive to factory oper-
ations. Economic pressures force
factories to reduce inventories of

finished goods, and production dis-
ruptions have become increasingly
costly. Industry has responded by
trying to prevent these unantic-
ipated failures through institution
of preventive maintenance programs.
The premise of operating a preven-
tive maintenance program is to re-
pair, adjust, or replace those
machine components that are subject
to wear. Often these preventive re-
pairs are based on visual observa-
tions. These observations are not
accurate in predicting the available
life of the worn components. As a
result, many components are replaced
before their useful life has been
realized. This is the best case, in
that disruptions to production are
reduced because components are re-
placed well in advance of failure.
In the other extreme, components are
not deemed worn enough to warrant
replacement, and then fail prior to
the next scheduled preventive main-
tenance check. This causes pro-
duction costs to escalate since such
catastrophic failures often result
in damage to subsequent downstream
components. Consequently more parts
need to be replaced than would be
required to replace only worn compo-
nents. Finally, even the most judi-
cious visual inspections will be
unable to identify faulty components
that may be inaccessible.

Industry has begun to use sensor
initiated predictive maintenance
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checks [7] to more thoroughly deter-
mine the health of machines. A fea-
ture of sensor initiated inspection
is that quantitative data is now
made available.

The use of vibration data as sen-
sory input is commonplace now. As
the technology has advanced during
the past ten years, portable, fast
data collection devices have become
readily available [4]. Advances in
software to aid in the evaluation of
this data have also been realized.
The problem that the user still
faces is in evaluating these vi-
bration signals to begin to list
suspected faults. Then he deter-
mines the best way to confirm his
beliefs and narrow down the fault
possibilities. It is these diagnos-
tic skills that are so difficult and
time consuming to develop. Now with
the aid of an expert system called
Charley, General Motors is able to
spread this diagnostic expertise to
many users. This will enable even
novice diagnosticians to perform at
the skill level of someone with many
years of experience.

Description of the Application
and Its Working

The system consists of three basic
modules--the Knowledge Base (KB),
the Vibration Signatures (VS), and
the Machine Database (MD) as shown
in Figure I.

The KB constitutes the principal
module of the system and it contains
the the knowledge abeut vibration
analysis.

The VS module consists of vi-
bration signatures taken at differ-
ent points on the machine being
diagnosed. It contains frequencies
and related vibration amplitudes as-
sociated with those measurement
points. Vibration signatures are
taken with the help of a portable
hand-held accelerometer and re-
corder.

The third part is the Machine Da-
tabase. The MD contains information
describing each of the major compo-
nents of the machine, the relation-
ship to one another, and the
physical features of those compo-
nents.

Unlike other existing vibration
based systems [5], Charley covers a
very broad range of problems that
occur in manufacturing and assembly
equipment. Unbalance, misalignment,
mechanical looseness, structural
weakness, resonance of components,
eccentricity, cavitation of pumps,
problems due to bearing wear or
bearing failure, and problems with
gear trains are some examples of the
types of problems that the system
can handle.

Another feature of Charley is
that it is able to handle different
types of machines as well. It diag-
noses problems with machines such as
lathes, milling machines, drilling
machines and super-finishers.
Charley is equally effective in di-
agnosing problems with new and old
machines.

To begin a consultation, the me-
chanic types in "start" at the sys-
tem prompt and provides the capital
equipment number of the machine that
is to be diagnosed. The correspond-
ing machine description is retrieved
from the MD and is made available to
the knowledge system. The consulta-
tion continues by asking very pre-
liminary questions such as, "What
are observable symptoms?", "What
does the mechanic think is the
fault?" The mechanic can answer "No
observable symptoms" if he wants to
do predictive maintenance work, and
there is nothing noticeably wrong
with the machine at that time. Pre-
liminary history information is
sought, and, if it is available, it
helps to diagnose the problem more
quickly.

After the preliminary information
has been provided, Charley requests
the mechanic to supply vibration
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signature data for the machine being
diagnosed. Figure 2 shows the sig-
nature taken on a motor of a spindle
machine. With this data, Charley
makes a preliminary assessment of
what is wrong with the machine.
Also, it determines what further
tests, if any, need to be performed
in order to confirm the faults with
the machine. Once the test results
are fed into Charley, the system
makes the appropriate repair recomm-
endations.

The last part of the consultation
takes place after the machine has
been repaired. The mechanic acquires
a new set of vibration signatures
for evaluation by Charley to verify
that the problem was indeed resolved
and that the machine is running
properly. More details on Charley
can be found in [1] and [2].

At a first glance, this system
may look like yet another diagnos-
tics expert system. However, there
are several features in this appli-
cation which are unique. These fea-
tures have made a general purpose
machine diagnostics expert system a
practical reality.

Whereas other expert systems are
application specific [6], Charley is
capable of diagnosing problems with
any kind of machine. This was accom-
plished by using generic rules in
conjunction with a machine database
in which descriptions of the phys-
ical characteristics of the machine
reside. The MD is built on the prem-
ise that a machine is just an assem-
bly of some common components. It
recognizes that the difference be-
tween machines is simply which com-
ponents are used and how they are
connected together. Spatial reason-
ing is then performed based on phys-
ical component connectivity. The MD
is also dynamic in that new compo-
nents can be added to describe even
more new machines. The architecture
of the KB is such that appropriate
rules are applied based on the spe-
cific machine that is presented for

diagnosis. Therefore new components
can be added to the MD without nec-
essarily requiring changes to the
generic KB. This kind of modularity
between MD and KB, and the
genericness of the rules in the KB
have made it possible to diagnose a
large variety of machines with the
help of a single expert system. We
are not aware of any expert system
that provides such a generality of
coverage of machines used in manu-
facturing facilities.

It is important to note that
there are significant integration
issues that are involved in linking
the KB, MD and VS. The KB consists
mostly of domain rules whereas the
MD is primarily in the form of a CAD
database and the VS component is al-
most entirely algorithmic in nature.
Various methods of system inte-
gration may be employed by program
developers based on the nature of
the project and the level of auto-
mation required. At the simplest
level, all algorithmic calculations
can be done separately, and all ma-
chine descriptions represented in
the form suitable for direct inter-
pretation by the the knowledge engi-
neering tool. All of this
information can then be simply
transferred from external files into
the cache of the tool for inferenc-
ing. In contrast, for a more auto-
mated system, proper hooks will have
to be built into the control of the
knowledge system. It can then call
the CAD and VS databases on an as-
needed basis to extract the relevant
data. The extracted data can be
internally converted in the form
suitable for inferencing. This
method would be particularly useful
in large operations where automation
is crucial. It would avoid dupli-
cation of work on the part of the
users and would also help in reduc-
ing local memory requirements since
much of the data will be distributed
across different systems.
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Another feature of Charley is
that any type of sensory input can
be used by the system. This input
includes vibration signals, forces,
pressures, torques, temperatures and
more. Based on the sensory data and
the information retrieved from the
MD, Charley is able to present to
the user a hypothesized list of
faults. It can operate in an auto-
mated or interactive mode, and with
single or multiple types of sensory
data. This wide flexibility of data
input and handling, in both on-line
and off-line modes is not generally
found in expert systems that are be-
ing built even today.

If additional data is required to
confirm a fault, tests are re-
quested. The selection of the appro-
priate tests as well as their
ordering is carefully prioritized.
The ranking minimizes the number of
tests to be performed for fault con-
firmation. Testing is optimized
based upon the number of faults that
may be resolved, degree of diffi-
culty of the test, and tools re-
quired. Additionally, tests are
grouped to minimize the number of
trips the mechanic is required to
make to perform the tests. Also, re-
lated tests are grouped together.
This requires the system to be able
to perform "anticipatory" thinking,
in that it looks at the possible
outcomes of the results and tries to
optimize the efficiency of diagno-
sis. Most of the existing systems
simply use the "hypothesize-test-
conclude" cycle without quite look-
ing into the overall situation.

Other diagnostics systems require
"baseline" or "trend" data to deter-
mine when machines have degraded to
the point of needing repair. Charley
does not depend on that. It has pre-
defined threshold values which are
set based upon the machine’s preci-
sion level. These thresholds are in
fact extrapolated "baseline" values
as determined by the expert.
"Baseline" values correspond to val-

ues of the sensory parameters when
the machine is operating in a
healthy condition. Vibration signals
exceeding the predefined thresholds
are analyzed for fault identifica-
tion. This allows Charley to diag-
nose old machines even if no
baselines have been established. The
biggest disadvantage of using the
"baseline" data is that in most re-
alistic situations, such data is in
fact never available. Therefore sys-
tems built on that concept find very
limited practical use. To overcome
that problem, some systems began de-
pending on "trend" data. "Trend"
data corresponds to a series of data
collected over a period of time,
though none of that data necessarily
has to be from the point where the
machine was operating in a fully
healthy condition. This method still
has a problem in that the machine
condition must gradually deteriorate
before actual diagnosis can be per-
formed. The method of thresholding
used in Charley overcomes the short-
comings of both the "baseline" and
"trend" based systems. In fact,
with Charley, brand new machines
where neither baselines nor trend
information is available can be
evaluated/diagnosed for performance
prior to being placed into service.

Charley can operate in a monitor-
ing mode as well. Sensory data can
be continually captured and evalu-
ated. If a fault condition is de-
tected, the system can accurately
pinpoint the cause of the problem
without any need for human inter-
vention. The system can also operate
in a batch mode. This would help
avoid the large investment that is
needed for automatic sensors. The
key point here is flexibility. The
source of the data is immaterial -
be it automatic input, batch mode or
totally manual.

Unlike virtually all existing di-
agnostics expert systems, Charley is
capable of doing predictive diagnos-
tics. It compares current signatures
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with the threshold values. While do-
ing this, the system identifies the
components that are faulty. At the
same time, it identifies those com-
ponents in which degradation is se-
rious enough to warrant service
while the originally identified
fault is being repaired. The predic-
tive capabilities of the system are
realized by including heuristics
which cause the threshold values to
be suitably adjusted to find finer
or impending faults.

The structuring of the system to
separate out the static KB from the
dynamic VS and MD is also unique.
The rules are developed in a generic
fashion so that they will "pattern-
match" with the data obtained from
the MD and VS. Therefore, the model
used in this system can be used for
virtually any kind of diagnostics
application, and is in no way lim-
ited to automotive manufacturing ma-
chines.

Testing/Validation, and Implementa-
tion Considerations

Once the purpose and desired
functionality of Charley was formal-
ized, several factors were evaluated
to determine the plan for its devel-
opment. A detailed feasibility re-
port containing a rigorous
evaluation of the suitability of AI
technology was developed. It was
jointly reviewed and agreed upon by
the expert, the system developers
and the project management.

In the testing and validation of
the system, one must be capable and
willing to assume some risks since
"foolproof" testing is usually not
going to be realistic. With this
realization, a test-plan was devel-
oped and it was evaluated by the us-
ers and the expert.

Testing was performed on two
types of cases:

1. Real Cases.

o Cause of problem already
known to the mechanics.

Cause of problem not known
to anyone.

2. Synthesized Cases.

Cause always known since in-
duced by the users.

Preference was given to testing
the system on real cases. However,
there were many instances where the
problems to be covered could not be
easily located on real cases. In
such situations, synthesized cases
were used.

If the problem was already known
to the mechanics, the system diagno-
sis could be verified to be either
correct or incorrect. The expert
would review all incorrect diagnoses
and either suggest revisions to the
rules if there was an error in
logic, or give explicit reasons for
the error that were beyond the scope
of the system. Reasons for errors
beyond the scope of the system in-
cluded incorrect sensor readings,
incorrect machine database entries,
and at times incorrect answers pro-
vided by the users to the system.

If the cause of the problem was
not already known and repairs could
not be performed on the machine to
verify the correctness, then the me-
chanic’s decision on the accuracy of
the system’s diagnoses was consid-
ered final. Again, all incorrect
diagnoses were reviewed by the ex-
pert.

Besides the "field testing" of
the system on real and synthesized
cases, "regression testing" was per-
formed on an on-going basis. This
ensured that the changes and updates
to the system did not introduce any
new problems in running the previ-
ously successful cases. In addi-
tion, "stress testing" was performed
on the system to ensure that the
system degraded gracefully in awk-
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ward situations. Several permuta-
tions of the alternative "knowledge
paths" were also tried. Software
checks showed that over 95% of the
code had been exercised successfully
at one time or another during the
entire testing period of the system.

To facilitate successful imple-
mentation of the system, an exten-
sive training program was developed.
Instead of directly training all the
target end-users, a few people were
selected for in-depth training. Se-
lecting the right trainers was crit-
ical to the success of the system.
The selected group of trainers was
representative of the typical users,
and received an in-depth training.
These individuals in turn taught the
system to the rest of the users at
various plants. Thus most of the us-
ers learned about the system from
their peers. Additionally, the
trainers helped in ensuring that the
user-interface, documentation and
terminology used in the expert sys-
tem was in-line with that of the
user community.

An extremely simple and easy to
use user-interface is a requirement
for any expert system. It is espe-
cially important for a system like
this one since it is intended for
use by people not familiar with com-
puters or programming [3]. In addi-
tion to maintaining the technical
quality and functionality of the
system, special care was taken to
ensure that the delivery system was
geared toward the target user - me-
chanics who perform repairs on ma-
chinery. It was made clear from the
very beginning that Charley was only
a tool to assist, not replace, the
users in doing their tasks.

Successfully Deployed System

One of the biggest disappointments
of expert systems technology has
been the difficulty of building sys-
tems that in fact end up as usable
expert systems. The criteria for

success or failure of systems is
simple - does it work, is it in reg-
ular use, and does it solve problems
more efficiently and economically
than was previously possible.

The system described in this pa-
per has been successfully deployed
and is in routine production use at
General Motors. It has been in-
stalled in many of the company’s
plants in distant geographical lo-
cations. The system is sufficiently
stable to be used on all shifts
without any difficulty. Moreover,
Charley has been in use for six
months, and to date no significant
problems have been reported. The me-
chanics for whom the system is in-
tended like to use it and are easily
able to cross train each other. As
a result, the user base has been
continually expanding. Also, the
number of system installations has
been steadily rising. We are now
planning to add new functionality to
significantly expand the coverage of
the system.

Benefits

The system has a potential for tre-
mendous savings in virtually all
manufacturing and assembly plants.
It can help to reduce machine repair
costs significantly by helping the
mechanics to:

I. Precisely identify parts of the
machine which are in need of re-
pair.

2. Perform repairs or adjustments
prior to catastrophic failure.

3. Perform repairs on a sensor-
initiated basis rather than
scheduled basis.

4. Speed up the diagnostics proc-
ess.

5. Distribute the diagnostics ex-
pertise to many users.

6. Avoid fixing "non-problems".

~ther benefits result from the fol-
lowing considerations:
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1. ReferencesKnowing the general health of a
machine helps to raise confi-
dence in running machines unat-
tended, alleviating fears of
unexpected breakdowns.

.
Charley can serve as a resident
expert, on hand, twenty-four
hours a day, seven days a week,
keeping track of machine condi-
tions.

e The use of the system can result
in improved part quality and re-
duced scrap.

Re Since Charley is applicable to
new machines just as much as it
is to old machines, it can be a
useful evaluation tool during
the installation and acceptance
of new or rebuilt machinery.

.
The system can be used as a val-
uable training aid for persons
not already proficient in ma-
chine diagnostics. It provides
on-the-job training at the same
time the person is working on
the plant floor accomplishing
his job.
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