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[57] ABSTRACT

An expert system in which an inference engine is con-
trolled by a matrix of learning coefficients and a method
for generating a matrix controlled expert system from
examples. The inference engine determines likely values
and final determinations for resultant variables in the
matrix, the variables being representative of responses
or actions. The inference engine also determines an
input variable which will contribute to making a final
determination of a resultant variable. The matrix may be
generated by training examples and/or rules and it may
be modified dynamically by additional examples as the
system operates.
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MATRIX CONTROLLED EXPERT SYSTEM
PRODUCIBLE FROM EXAMPLES

BACKGROUND OF THE INVENTION

This invention relates to expert systems. An expert
system is a computer programmed to exhibit human
expert-like ability for solving problems and generally
containing an external interface which interacts with an
inference engine responsive to a rule base. The infer-
ence engine responds to data supplied by the external
interface in accordance with rules set out in its rule
base. Expert systems have been developed for a number
of applications including giving medical advice, config-
uring computer or other electronic hardware, analyzing
geological data, and warning of malfunctions in an in-
dustrial plant.

The external interface is a problem specific piece of
computer software which receives input from an exter-
nal interactive terminal or from measurement devices
and outputs queries or commands to the external termi-
nal or signals to operate actuators, alarms, displays, etc.
The programming of such an interface is well known to
those skilled in the art.

An inference engine is a computer program that uses
a base of knowledge or rules to make inferences from
input information until an appropriate response can be
deduced. When additional information is needed to
provide a final response, it requests the information
through the external interface. It is usually possible to
reproduce and use the same inference engine in a num-
ber of different expert system applications with no more
than a slight modification.

The knowledge or rule base is a set of rules that gov-
ern the behavior of the inference engine and hence the
entire system. Typically, each rule has the following
structure:

IF <Condition 1> and <Condition 2> and . . .

< Condition M>

THEN <Action 1> <Action2>... <Action N>.

There may be several rules which produce the same
set of actions. .

Examples of conditions, from a fictional medical ap-
plication used herein for descriptive purposes, include
“high white cell count”, “allergic to cacamycin”, and
“overweight”. Examples of actions include “administer
cacamycin” and “administer merdecillin”. The inter-
pretation of a rule is that if all of the conditions hold
then all of the actions are executed. The actions are
effectuated through the external interface. The re-
sponses may be as simple as driving the display or may
involve triggering some actuator in the industrial plant
such as opening a safety valve.

Some actions are also considered conditions for other
rules. For example, the action “administer cacamycin”
may correspond to a condition for a rule of the form IF
< administer cacamycin> THEN < Do Not administer
merdecillin>. This rule implies that it would not be
prope to administer merdecillin if cacamycin is being
administered. Such actions need not affect the external
environment directly; their primary use may be as con-
ditions for other rules. ,

In the prior art, rules are generally constructed for an
expert system by either having a human expert provide
the rules in a form suitable for the rule base or by having
another person generally known as a knowledge engi-
neer convert the information from an xpert into appro-
priate rules. It is often the case that a human expert in a
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particular area has difficulty formulating his or her
knowledge as a set of rules. The process of generating
and perfecting a set of rules has been universally recog-
nized as the most time consuming, difficult, and expen-
sive process involved in building an expert system. It is
frequently difficult to reduce expertise to a set of rules.

Various approaches have been tried to ameliorate the
problem of generating rules for a expert system. One
approach is to create a “user friendly” interface to ease
the human task of adding new rules as described in
Buchanon, B. and Shortliffe, Rule-Based Expert Sys-
tems, Addison Wesley, 1984, Chapter 9. Another system
which has been made available is contained within the
software product “Expert-Ease” manufactured by Ex-
port Software International Limited. This product ap-
parently takes training examples input into the system
and builds a decision tree based on these examples using
statistical methods. This tree can then be coupled with
a decision tree controlled inference engine to produce
an expert system.

A decision tree controlled expert system has the
shortcoming of being overly sensitive to noisy data. The
deviation in a variable’s value may take the inference
engine through a branch of the decision tree from
which it cannot reach the correct answer unless the tree
is made very large.

Moreover, there is no provision for insuring that data
which is close to a training example will result in the
training example’s correct response.

SUMMARY OF THE INVENTION

The present invention is a general purpose matrix
controlled expert system. The expert system includes a
matrix of learning coefficients, an external interface and
inference engine. The knowledge base of the expert
system of the present invention is stored in the form of
the matrix of learning coefficients. The external inter-
face receives input information and provides the output
responses of the system. The inference engine produces
responses to input data in accordance with the matrix of
learning coefficients. The inference engine attempts to
determine the value of goal variables. A goal variable
corresponds to an action or response to be provided by
the expert system through the external interface. When
the goal variables cannot be sufficiently determined, the
inference engine determines a piece of input information
that would be useful in determining a response or action
to be taken and cause the external interface to request
the information.

In accordance with the method of the present inven-
tion, the matrix of learning coefficients can be generated
from examples including values for a plurality of condi-
tions with corresponding values for the desired re-
sponses or actions. Rules may also be input but advanta-
geously this is not necessary. This approach greatly
simplifies the task of generating an expert system since
it is no longer required that an expert develop the rules
which support the system.

The expert system of the present invention is also
much easier to debug or perfect. A set of training exam-
ples can be used to generate the expert system. If the
system fails to provide the correct response for some set
of inputs, these inputs with the correct response can be
used to provide an improved system. In accordance
with the preferred embodiment of the present invention
the expert system can dynamically improve its matrix
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by continuously updating its matrix as new examples are
input through the external interface.

The expert system of the present invention has the
advantage of being “softer” than a decision tree based
system. It is soft in the sense that inputs that are close to
a particular training example are more likely to be han-
dled the same as that training example. This enables
improved performance in noisy environmenis.

A further advantage of the expert system of the pres-
ent invention is that it is well suited to parallel imple-
mentation in hardware.

A still further advantage of the expert sysiem of the
present invention is that it tends to be only weakly
affected by an error in an individual coefficient in the
matrix of learning coefficients. This makes hardware
implementations more error resistant.

A still further advantage of the expert system of the
present invention is that at every step the system has
readily available a best guess of values for output re-
sponses and intermediate decisions.

A still further advantage of the expert system of the
present invention is that it provides for a very fast oper-
ation when used.

Other objects and advantages of the invention will
become apparent during the following description of
the presently preferred embodiments of the invention
taken in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic diagram of an expert system of
‘the present invention;
FIG. 2 is an example of the matrix of learning coeffi-
cients of FIG. 1;
FIG. 3 is a flow chart of the matrix controlled infer-
ence engine of the present invention;
FIG. 44, b and ¢ are flow charts of selected portions
of the matrix controlled inference engine of FIG. 3;
FIG. 5 illustrates a second embodiment of the expert
system of the present invention; and
FIG. 6a is a flow chart of the learning method of the
“-present invention.
FIG. 6b is a flow chart of the routine ROWCHECK
called by the learning method of FIG. 6a.
FIG. 6c¢ is a flow chart of the routine RULECHECK
called by the flow chart of FIG. 6.
FIG. 6d is a flow chart of the routine CORRECT
called by the flow chart of FIG. 6b.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Referring now to FIG. 1, an expert system 10 of the
present invention is shown. The expert system 10 com-
municates with users through a terminal 12. The expert
system 10 is a program embedded in a general purpose
computer of known type. In addition to or in replace-
ment of the terminal 12, the expert system 10 may be
connected to measuring devices and actuators 14 so that
the expert system may control a system such as a heat-
ing or cooling system, a burner conirol system, a com-
munications system, etc.

The expert system 10 communicates with the termi-
nal 12 and/or the measurement equipment and actuators
14 through an external interface 16. The external inter-
face 16 facilitates the interaction with the user of the
system. The external interface 16 may be programmed
by well known methods. The interface outputs informa-
tion generated by the expert system to the terminal 12
or the measurement equipment and actuators 14. For
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instance, it would cause messages to be displayed on the
terminal or may cause actuators to be activated. Inter-
face 16 also provides prompts to the terminal 12 to get
a user to input the appropriate information into the
expert system 10.

The performance of the expert system 10 is depen-
dent upon a matrix controlled inference engine 20. A
matrix of learning coefficients 18 provides the knowl-
edge base from which the inference engine 20 makes its
inferences and deductions. A matrix of learning coeffici-
ents may be generated by known learning methods.
There are a number of different learning methods that
may be utilized to produce a matrix of learning coeffici-
ents 18, including perceptron learning disclosed in Min-
sky, M. and Papert, S. Perceptrons: An Introduction to
Computational Geometry, MIT Press, Cambridge, Mass.
(1969); Boltzmann Machine Learning disclosed in Hin-
ton, G. E., Sejnowski, T. J. and Ackley, D. H., “Bolt-
zmann Machines: Constraint Satisfaction Networks that
Learn,” Technical Report CMU-CS-84-119, Carnegie
Mellon University, Department of Computer Science;
Hopfield’s Method disclosed in Hopfield, J. J., “Neural
Networks and Physical Systems with Emergent Collec-
tive Computational Abilities,” Proceedings with the Na-
tional Academy of Sciences, U.S., 1982, 79, 2554-2558;
and others. In addition, a learning algorithm of the
present invention is disclosed herein with reference to
FIGS. 6a-d.

To assist in clarifying the definition and operation of
a matrix of learning coefficients, an example will be
described. The example used herein is a fictional medi-
cal application, however the operation of the present
invention may extend to a wide variety of other sys-
tems. A matrix of learning coefficients 18 for the exam-
ple is diagrammatically shown in FIG. 2. The expert
system of the present invention represents the condi-
tions, responses and actions of any particular applica-
tion as a number of different types of variables. Vari-
ables which are only used as conditions are input vari-
ables 28. The input variables may only be given a value
by some external source via the external interface such
as being entered through 2 keyboard or via a reading
taken from some measuring device. The expert system
does not attempt to deduce the value of input variables.
The object of the expert system is to determine the
responses or actions which are represented as goal vari-
ables 32. Variables whose value may be input through
the expert system or determined by the expert system
but which are not goal variables 32 are called intermedi-
ate variables 30 herein.

A matrix of learning coefficients 18, as the term is
used herein, provides an arithmetic representation for
each condition, response or action which enters or
leaves the expert system. The matrix includes primary
variables 22 represented by X1, X2, X3, X4, X5, X6, X7,
X8, X9 and resultant variables 24 represented by Y1,
Y2, Y3, Y4. The primary variables 22 represent condi-
tions and the resultant variables represent the responses,
actions, or intermediate determinations. In the embodi-
ment shown, each primary variable 22 is given a column
in the matrix and each resultant variable 24 is given a
horizontal row. The matrix may be more efficiently
stored as a set of lists rather than as a matrix, yet still
retain its identity as a matrix of learning coefficients. It
is obviously irrelevant whether the primary variables 22
are switched with the resultant variables 24 with re-
spect to occupying either the columns or the rows of
the matrix 18. The primary variables 22 may include
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