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Fig.4
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Fig.10
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Fig. 20

CONTROL SYSTEM SIMULATION RESULTS

OUTPUT VARIABLE NAME 1 : CONTROL AMOUNT( ~ )

DISPLAY RANGE : CONTROL AMOUNT( ~ )

: TIME( ~ )

[[] END [ ] HARDCOPY

]

3

|

CONTROL AMOUNT




U.S. Patent Jul. 5, 2005 Sheet 19 of 25 US RE38,754 E

Fig.2]
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Fig.22
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FUZZY SYSTEM, FUZZY CONTROL
SYSTEM DEVELOPMENT SUPPORT
APPARATUS, AND METHOD OF
DEVELOPING A FUZZY CONTROL SYSTEM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a fuzzy system, and in
particular, to a membership function unit to be employed for
a Tuzzy 1nference, to a fuzzy inference apparatus executing
an 1nference 1n conformity with a predetermined fuzzy
processing rule, and to a support apparatus to be used 1 a
construction of a fuzzy control system for facilitating devel-
opment of the system.

2. Description of the Related Art

In accordance with the fuzzy theory, it 1s possible to
represent senses of human beings by utilizing membership
functions as means to numerically express such senses.

The human senses characteristically change depending on
situations and environments of a human being. For example,
let us consider a temperature of water 1n a Japanese bath.
Since the senses vary between the seasons of the year, the
judgement of an appropriate temperature suitable for the
bath changes depending on each season. In general, when
the outdoor or environmental temperature 1s higher, a
slightly warmer temperature of the water 1s likely to be
desired. Namely, the suitable temperature 1s assumed such
that a slightly lower temperature and a slightly higher
temperature are appropriate 1n summer and winter, respec-
fively.

As describe above, owing to the difference 1n the senses
with respect to the temperature of water, as shown 1n the
oraphs of FIGS. 26a to 26c, membership functions repre-
senting the appropriate temperatures of water develop dif-
ferent contours 1n association with environmental tempera-
tures.

The graph of FIG. 26a shows a membership function
developed when the environmental temperatures 1s 20° C. in
which when the temperature rises to 30° C., the graph shifts
toward the direction of the lower temperature as shown in
FIG. 26b, whereas when the temperature lowers to 10° C.,
the graph 1s displaced toward the direction of the higher
temperature as shown in FIG. 26c.

The membership functions u*°, (1), 4”°5(t), and w=° (1)
representing the senses of “lukewarm”™, “appropriate
temperature”, and “hot” at the environmental temperature
20° C. are expressed as follows.

120, (D=1 A-4(t-42)]VO (1)

(2)
(3)
In these expressions (1) to (3), A and V denote MIN and
MAX operations, respectively.
Similarly, the membership functions at the environmental

temperatures 30° C. and 10° C. are respectively represented
by the following expressions (4) to (6) and (7) to (9).

w7 5 (D=[¥(t-40) A-¥5(t—-44) VO

120 (H)=[%(t-42) A1]VO

122, (D=[1A-1%(t-40)]VO (4)

w75 (D= ¥(t-38) A-14(t—-42) ] VO (5)
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120 (O)=[ %(t-40) ATV (6)

(7)
(8)
®)

In the conventional fuzzy system, a plurality of member-
ship functions are required to be defined for the respective
environmental temperatures 1n advance. If 1t 1s desired to
establish correspondences with respect to all possible envi-
ronmental temperatures, an infinite number of membership
functions are required to be defined.

In order to cope with the variation 1n the sense above,
there has been proposed a method in which the environ-
mental temperature 1s assumed to be an element or a factor
(an external disturbance) increasing ambiguity of the sense
so as to adopt a membership function (as shown in FIG. 27)
obtained through a composition uftilizing a plurality of
membership functions.

The graph of FIG. 27 shows membership functions devel-
oped when the environmental temperature deviates 1n a
range from 10° C. to 30° C. centered on 20° C. The
membership function representing the appropriate tempera-
ture extends in the water temperature range from 38° C. to
46° C. When the width of the range is narrower, the
ambiguity of the membership function expressing the suit-
able temperature 1s decreased. However, 1n the method
associated with this graph, and membership function pos-
sesses an enlarged width, namely, an increased ambiguity,
which leads to a problem that an appropriate inference
cannot be easily accomplished.

Incidentally, 1n general, according to fuzzy control, when
an mput signal 1s supplied, for example, form a sensor to a
fuzzy inference apparatus, a group of fuzzy inference rules
are used to achieve an inference operation such that based on
a result of the inference operation of each inference rule, the
apparatus decides a control operation of a control object.
The fuzzy inference apparatus includes a fuzzy inference
antecedent processing section and a fuzzy inference conse-
quent processing section, so that the mference outputs of the
respective 1nference rules are fed from the component
section to a concluding or composing section, which
achieves a composition by use of the inference outputs. For
example, the output of a definite or determinant value 1s
generated so as to be delivered to the control object.

In the control system of this kind, there may occur a case
where an abnormality signal 1s received from a sensor or the
like or where a decrease 1n a signal level lowers the
reliability of the input signal from the sensor. In such a
situation, 1t 1s not appropriate to directly supply the control
object with the determinant value output as the final output
from the fuzzy inference apparatus. Consequently, as shown
in FIG. 28, a final decision section 92 i1s disposed on the
output side of a fuzzy inference apparatus 91 so as to
determine presence or absence of an exception signal such
as an abnormality signal such that depending on the result of
determination, the determinant output from the fuzzy infer-
ence apparatus 91 1s delivered as the final output or an
abnormality output 1s produced.

However, 1n such a method, there 1s required the final
decision section 92, which necessitates excessive circuit
conilgurations and devices and hence soars the cost of the
apparatus.

In order to cope with the problem above, there has been
employed a fuzzy inference apparatus 93 (shown in FIG. 29)
in which the inference rules include propositions or state-
ments related to exception signals. In this method, however,

119, (O)=[1 A=%(t-44)]VO
110 () =[¥(t-42) A= ¥(t-46) VO

1 A(DO)=[ (=44 A1]VO
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the exception signals are required to be incorporated as
propositions of the inference rules, which leads to a problem
that the inference rules become complicated.

Furthermore, certainty of each inference rule can be
determined by use of the membership function in the fuzzy
inference antecedent and consequent processing sections.
However, 1n a case where such certainty 1s desired to be
altered, 1t 1s necessary to set a membership function for each
inference rule, namely, the corresponding operation 1is
troublesome.

When a fuzzy control system 1s to be configured for a
control system, 1t 1s necessary to produce an application
system 1ncluding fuzzy inference rules and membership
functions most suitable for the control system. In a case of
development of an application system to conduct the fuzzy
control by use of a microprocessor and storage, data 1tems
of fuzzy inference rules and membership functions as well
as fuzzy inference programs have been conventionally
developed for each application.

However, because of necessities of development of the
data 1tems of fuzzy inference rules and membership func-
tions and fuzzy inference programs for each application, the
development efficiency 1s considerably lowered. Moreover,
an evaluation of the fuzzy inference rules and the member-
ship functions of the application thus developed cannot be
accomplished without connecting the system to the actual
control system. In consequence, the system development
requires a very long period of time.

SUMMARY OF THE INVENTION

It 1s therefore an object the present invention to provide a
novel membership function unit in which membership func-
tions are adjusted depending on elements influencing human
senses so as to achieve an appropriate inference without
necessitating many membership functions to be prepared.

Another object of the present mvention 1s to provide a
novel membership generator in which a weighting operation
1s conducted on an inference result to correct an inference
output so as to cope with an abnormality signal or the like
without causing the circuit configuration and inference rules
to be complicated.

Furthermore, still another object of the present invention
1s to provide a support apparatus which considerably
improves the development efficiency of a fuzzy control
system, thereby solving the difficulties above.

In accordance with the present invention, the membership
function unit comprises a membership function setting sec-
tion for adjusting positions or shapes of membership func-
tions depending on inputs of elements mifluencing human
senses so as to set the membership functions and a mem-
bership value computing section for computing membership
function values associated with input variables in the mem-
bership functions attained by the membership function set-
fing section.

Moreover, according to the present invention, 1n order to
correctly adjust membership functions even when the ele-
ments 1nfluencing the human senses are complicatedly
linked with each other, the membership function setting
section 1ncludes a fuzzy inference section which receives as
inputs thereto the elements influencing the human senses to
achieve a fuzzy inference so as to decide the positions or
shapes of the membership functions.

After the membership functions of which positions and
shapes are adjusted depending on the elements influencing
the human senses are thus set, arithmetic operations are
conducted on 1nput variables by use of the membership
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functions to compute the membership function values. In
consequence, without preparing definitions of many mem-
bership functions in advance, an appropriate inference can
be carried out.

In addition, by adjusting the membership functions 1n
accordance with a fuzzy inference, it 1s possible to appro-
priately accomplish the function adjustment even when the
clements influencing the human senses are complexly asso-
ciated with each other.

The fuzzy inference apparatus according to the present
invention comprises means for conducting an inference
operation for each inference rule, means for setting for each
inference rule absolute weight coeflicients unique thereto
and relative weight coeflicients between the inference rules,
and means for correcting an 1nference output by use of the
absolute and relative weight coetficients.

The inference output 1s corrected by use of relative weight
coellicients 1n association with an abnormality signal occur-
rence and the like and 1s further corrected by use of absolute

welght coeflicients depending on the certainty of the infer-
ence rules or the like. In consequence, the exception
processing, such as processing to be conducted at an abnor-
mality occurrence, can be carried out without causing the
circuit configuration and inference rules to be complicated.
Furthermore, the certainty of the imnference rules and the like
can be easily reflected onto the inference output.

Moreover, the Tuzzy control system development support
apparatus according to the present invention 1s characterized
by a knowledge base for storing therein fuzzy processing
rules and membership functions respectively edited on a
display screen and a simulation section for achieving a
desired inference simulation based on the knowledge base.

In the apparatus above, the simulation section 1ncludes a
simple control simulation section which supplies a single
pseudo 1mput or consecutive pseudo nputs to the knowledge
base to achieve a fuzzy inference so as to produce an
inference result.

Furthermore, the simulation section of the apparatus
above 1s characterized by a control system simulation sec-
tion for accomplishing a simulation 1n a closed loop control
system 1ncluding a control objective model established with
arbitrary parameters and the fuzzy inference section so as to
generate a simulation result.

In the apparatus above, it 1s favorable to include means for
continuously outputting simulation results as fuzzy rule
adaptive degrees.

Moreover, the fuzzy control system development support
apparatus according to the present invention 1s characterized
by comprising a knowledge base for storing therein fuzzy
processing rules and membership functions edited on a
display screen, and a translator for translating the contents of
the knowledge base into any language.

In accordance with the present invention, since a support
apparatus includes a knowledge base and a simulation
section so as to set the contents of the knowledge base on a
display screen, the inference simulation can be easily carried
out and the alteration of the knowledge base 1s also consid-
erably simplified. With the provision of the support appa-
ratus configured as described above, there 1s completely
removed the difficulty of the prior art technology that the
evaluation of the fuzzy processing rules and the membership
functions cannot be accomplished without connecting the
application system to the actual machine. Namely, the
evaluation thereof can be conducted at a development stage
by use of the support apparatus. Consequently, there 1s
attained an advantage that a desired application can be
developed 1n a very short period of time.
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Furthermore, m accordance with the present invention,
since an 1nference result can be produced for consecutive
pseudo 1nputs so as to be stored 1n a memory, it 1s possible
to employ the memory directly 1n an actual fuzzy controller.
This provision leads to an advantage that the inference
program development 1s unnecessary.

Moreover, according to the present invention, 1n a support
apparatus, a closed loop control system 1s constituted with a
control objective model and a fuzzy inference section so as
to achieve a simulation and the control objective model and
the knowledge base of the fuzzy inference section can be
casily edited on the display screen. As a result, the simula-
tion 1s considerably facilitated and hence the support capa-
bility for the development 1s highly enhanced.

In addition, according to the present invention, there 1s
disposed a translator for translating the contents of the
knowledge base into an arbitrary language such as the C
language; consequently, the fuzzy system 1s quite advanta-
geous for the development of applications programs con-
forming to various kinds of microprocessors.

Furthermore, 1n accordance with the present invention,
since the simulation results can be displayed as fuzzy rule
adaptive degrees, the evaluation of the fuzzy processing
rules are advantageously simplified to a considerable extent.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other objects and advantages of the present
invention will become apparent by reference to the follow-
ing description and accompanying drawings wherein:

FIG. 1 1s a schematic block diagram showing a configu-
ration example of a fuzzy inference section to which the
present invention 1s applied;

FIG. 2 1s a block diagram schematically showing the
conflguration of a membership function unit associated with
a first embodiment according to the present mmvention;

FIG. 3 1s a block diagram showing a second embodiment
of the membership function setting section;

FIG. 4 1s a graph showing a state 1n which the shape of the
membership function changes;

FIG. 5 1s a graph showing a state 1n which the gradient of
the membership function varies;

FIGS. 6a and 6b are explanatory diagrams for explaining,
membership functions employed 1n an inference process of
the second embodiment;

FIG. 7 1s a block diagram showing a fuzzy inference
apparatus associlated with a third embodiment 1n accordance
with the present invention;

FIG. 8 1s a functional block diagram showing a fuzzy
inference operation unit;

FIG. 9 1s an explanatory diagram useful to explain an
example of contents stored 1 a coeflicient memory;

FIG. 10 1s a flowchart showing a the procedure of an
inference operation 1n a fuzzy inference operation section;

FIG. 11 1s a flowchart showing a procedure of a related
rule processing;

FIG. 12 1s a functional block diagram showing the con-
figuration of a fourth embodiment according to the present
mvention;

FIG. 13 1s a functional block diagram showing a software
constitution of a fuzzy control system development support
apparatus comprising fourth embodiment;

FIGS.[14to 16] i4, 15 and 16 are diagrams schematically
showing examples of display screens when a fuzzy process-
ing rule and a membership function are edited;
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FIG. 17 1s a schematic diagram showing formulae repre-
senting a plant model;

FIGS. 18a(1), 18a(2), 18a(3), 18b, 18c(1), 18¢(2) and
18¢(3) are diagrams schematically showing flow of compu-
tations 1n a plant computing section;

FIG. 19 15 a schematic diagram showing the configuration
of a closed loop system associated with a control system
simulation;

FIGS. [20 to 22] 20, 21 and 22 are diagrams schematically

showing display examples of control system simulation
results;

FIGS. 23 and 24 are diagrams respectively showing
screens 1n which a control objective model and a control
simulation environmental condition are set;

FIG. 25 1s a flowchart of an operation to store in a target
memory an output result from a support apparatus according
to the present invention;

FIGS. [26a to 26¢] 26a, 26b and 26¢ are graphs showing

states 1n which the shapes of membership functions alter
depending on outdoor or environmental temperatures;

FIG. 27 1s an explanatory diagram useful to explain an
example of a membership function used 1n a fuzzy inference
process; and

FIGS. 28 and 29 are block diagrams showing fuzzy
inference apparatuses.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

FIG. 1 1s a diagram showing an example of the constitu-
tion of a fuzzy inference apparatus to which the present
invention 1s applied.

The fuzzy inference apparatus 1s disposed, for example, to
automatically control the temperature of water in a bath.
However, the present invention 1s not restricted by this
example, namely, 1s also naturally applicable to fuzzy infer-
ence systems associated with other purposes.

In this illustrative example, the fuzzy inference apparatus
comprises a rule processing section 1, an MAX composing
circuit 2, and a defuzzifier 3. The rule processing section 1
1s supplied with two kinds of inputs x, and x, obtained by
conducting sample and hold operations on signals from
sensors or the like. The number of mputs 1s not necessarily
limited to two. The number may be one or may be three or
more.

The rule processing section 1 includes an antecedent
processing section 4 and a consequent processing section 5
for executing a fuzzy inference in conformity with a plu-
rality of fuzzy processing rules. The antecedent processing

section 4 comprises for each rule two membership function
circuit (MFC) 6 and 7 and an MIN circuit 8. The consequent

processing section 5 comprises for each rule a membership
function generator (MFG) 9 and an MIN circuit 10.

The fuzzy processing rules are called “if, then” rules and
are represented 1n this embodiment as follows:

(Rule 1)

if x,=X,,“" and X,=,,"“?,

then y=Y,?

(Rule 2)

if x,=X,,“" and X,=,,"“?,

then y=Y,?.

FIG. 2 shows an example (a first embodiment) of the
constitution of the membership function circuit 6 or 7 1n the
antecedent processing section 4. This configuration includes

a membership function setting section 11 and a membership
function value computing section 12.
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The membership function setting section 11 1s adopted to
adjust positions or shapes of membership functions for the
setting thereof depending on elements (e.g. the environmen-
tal temperature in the example described above) influencing
human senses. In this configuration, depending on elements
al and a2, positions or shapes of membership functions are
set to the first and second membership function circuits 6
and 7, respectively. The elements al and a2 are supplied as
inputs to set membership functions from a sensor (e.g. a
temperature sensor); however, these inputs may be delivered
from other than sensors (for example, a keyboard, a file, or
the like may be used). Furthermore, although the respective
clements are represented as scalar quantities, these elements
may be expressed 1n vector quantities.

In the constitution example above, assuming a case where
the position of a membership function varies depending on
an environmental temperature T, the senses of “lukewarm”,
“appropriate temperature”, and “hot” are respectively
expressed by the following membership functions.

(6= 1A=%(t-42—f, (1) VO (10)
(11)

(12)

Us(tT)=[Y2(t-40-7,, (T)) A-Y2(t-44-F,,(T)) [VO

et D= 4(1-42-F (D) ATIVO

The function f above represents variations 1n the positions
of the membership functions depending on a change in the
environmental temperature T. Assuming here f;, (t)=L,;
(1)=L,, (T)=L; (T)=1/5(T-20), the expression (11) above is
identical to the expressions (2), (5), and (8).

FIG. 4 shows the membership functions thus obtained in
which broken lines indicate a state of change 1n the position
of the membership functions.

Furthermore, assuming a case where the shape (gradient)
of a membership function alters depending on the environ-
mental temperature T, the membership functions above are
expressed as follows:

(13)

(14)

#a(tT)=[1A-g,; (T)(t-F1(1)) JVO
#s(tT)=] g5, (O (t=551 (T JA-g,, (T)(t=F,,(T)) VO

pc(t0)= g5 (T)(t-F5(x))A1]VO (15)

In these expressions, assuming g.,(T)=g,,(T)=g,-(T)=g;
(1), £,(T)=L5(T)=42+1/5(Tt-20), and £, ,(T)=40+1/5(t-20); the
expression (14) is identical to the expressions (2), (5), and
(8).

FIG. 5 shows membership functions thus drawn 1n which
the broken lines indicate a state of change 1n the gradient of
the membership functions.

In the examples above, only the environmental tempera-
ture T 15 assumed as the element or factor to influence the
human senses. However, assuming two kinds of elements
(c.g. an environmental temperature T and an environmental
humidity o) in this case, the membership functions are
expressed as follows:

walt.(r, o) ]={1Ag (T, O)[t-f, (T, 0)]} VO (16)
sl t.(T, 0)J=1821(%, O)t-F21(%, O)[}A-g20(x, O)t-F2o(v, 0)]VO(17)
et (r, )1-{gs(r. 0) [t 5(r. 0)JA1}VO (15)

FIG. 3 shows a second embodiment according to the
present invention 1n which the membership function setting,
section 11 includes a fuzzy inference section 13 and a
membership function generating section 14.

Influences of the variations in the environmental tempera-
ture T and humidity o on the positions and gradient values
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of the memberships are represented by use of the functions
f and g. However, when the elements mnfluencing the human
senses are complexly linked with each other, 1t 1s difficult to
attain parameters expressed by such functions { and g. In
order to overcome this difficulty, according to the second
embodiment, the fuzzy inference section 13 conducts a
fuzzy inference to obtain the parameters above so as to
generate the membership functions by use of the parameters
in the membership function generating section 14.

Fuzzy processing rules 1n the fuzzy inference section 13
are represented as follows 1n the case where, for example,
only the environmental temperature 1s set as the factor
influencing the human senses.

(Rule 1)

If the environmental temperature indicates a hot
condition, human senses are likely to desire slightly warm
walter.

(Rule 2)

If the environmental temperature indicates a warm
condition, human senses are likely to desire water at a usual
or ordinary temperature.

(Rule 3)

If the environmental temperature indicates a hot
condition, human sense are likely to desire a slightly hot
walter.

FIGS. 6a and 6b specifically show the membership func-
tions under the condition above.

The membership functions thus determined are fed to the
membership function value comprising sections 12 of the
membership function circuits 6 and 7. On receiving an input
X, the membership function value computing section 12
conducts an operation to attain an adaptive degree indicating
a degree of adaptability of the mput x onto the membership
function so as to compute a membership function value.

Returning to FIG. 1, 1n the antecedent processing section
4 of the rule processing section 1, when the membership
function circuits 6 and 7 respectively compute, for each rule,
membership function values (adaptive degrees) by use of
membership functions respectively adjusted depending on
the elements al and a2, the respective MIN circuits 8 select
smaller ones of the computed values. In the MIN circuit 10
of the consequent processing sections based on the selected
adaptive degree, there 1s imposed a restriction on the mem-
bership function related to an output y of the fuzzy rule and
fed by the membership function generator 9, thereby
attaining, for example, a membership function of a trapezoi-
dal shape.

The membership function associated with the output y to
be supplied to each MIN circuit 10 1s, like 1n the foregoing
case, beforehand adjusted 1n 1ts position or shape depending
on the element b influencing the human senses in the
membership function generator 9.

The MAX composing circuit 2 superimposes the outputs
from the MIN circuits 10 to create a composition output
t(y). The defuzzifier 3 computes the center of gravity of the
composition output so as to attain a definite or determinant
output y,.

FIG. 7 shows the configuration of a fuzzy inference
apparatus 21 associated with a third embodiment 1n accor-
dance with the present invention. This configuration
includes, centered on a fuzzy inference operation section 22,
a rule storage 23, a membership function storage 24, a
coellicient storage 25, an abnormality display section 26,
and an 1nference result display section 27.

The fuzzy inference operation section 22 comprises, as
shown i1n the functional block diagram of FIG. 8, a rule
processing section 28 and first and second correction sec-
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tions 29 and 30. Correction outputs from the second cor-
rection sections are processed to generate a composition
output to be supplied to a defuzzifier, (not shown), which
computes a center of gravity of the composition output,
thereby delivering a determinant value output to a control
object.

The rule processing section 28 represents a portion of the
inference apparatus 1n which a fuzzy inference 1s achieved
in conformity with a plurality of inference processing rules
by use of the antecedent processing section 31 and the
consequent processing section 32. The antecedent process-
ing section 31 1s supplied with an input signal from a sensor
or the like.

The inference rules are called “if,then” rules and are
expressed 1n this case of the embodiment as follows.

(Rule 1)

If an abnormality signal 1s received from a sensor A, an
abnormality output 1s produced.

(Rule 2)

If a signal level of a sensor B 1s lowered, a degree of
abnormality of the sensor B 1s slightly great.

(Rule 3)

If the signal level of the sensor A 1s large and that of the
sensor B 1s small, the signal level of an output signal F 1s
slightly increased.

(Rule 4)

If the signal level of the sensor A 1s small and that of a
sensor C 1s intermediate, the signal level of the output signal
F 1s considerably increased.

All inference rules are stored 1n the rule storage 23, shown
in FIG. 7, whereas the membership functions to be
employed for the respective inference rules are loaded 1n the
membership function storage 24.

The coeftlicient storage 25 1s disposed to store therein
absolute weight coetficients unique to the respective rules to
be set to the associated inference rules and relative weight
coellicients between the rules. FIG. 9 shows an example of
the contents of the storage 25.

In accordance with the values of FIG. 9, for a rule 1, the
absolute weight coeflicient 1s set as 1.0; furthermore, for
rules 3 and 4 related to the rule 1, zero 1s set as the relative
welght coeflicient. In consequence, when rule 1 1s effected,
the 1nference outputs attained by use of rules 3 and 4 are set
to zero.

For a rule 2, the absolute weight coefficient 1s set as 1.0,
and for the rule 3 associated with rule 2, the relative weight
coeflicient 1s set as 0.5. As a result, when rule 2 1s executed,
the inference output associated with rule 3 1s multiplied by
the relative coefficient 0.5 so as to accomplish a correction
on the inference output.

For rules 3 and 4, the absolute weight coeflicients are
respectively set as 1.0 and 0.5. This means that the certainty
of the rule 3 1s great and that of rule 4 1s small. In
consequence, the inference output attained by use of rule 3
1s directly outputted; however, the inference output associ-
ated with rule 4 1s multiplied by the relative coeflicient 0.5
for a correction of the inference output.

In the configuration of FIG. 7, the inference result display
section 27 1s employed to display the final inference result
attained by the fuzzy inference operation section 22,
whereas the abnormality display section 26 displays a mes-
sage mdicating an abnormality occurrence.

FIG. 10 shows a the flow chart of operations performed by
the fuzzy inference operation section 22.

In this flowchart, first, when an input signal 1s received
from a sensor in a step 1 (ST1), a step ST2 then extracts an
inference rule to be executed such that a step ST3J then
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cifects the extracted inference processing rule by means of
the antecedent processing section 31. As a result, there are
computed adaptive degrees (grades or membership function
values) of the respective membership functions associated
with the inference rule, thereby selecting the smallest one
therefrom. Next, 1n a step ST4, based on the adaptive degree
thus selected, the consequent processing section 32 1mposes
a restriction onto a membership function related to an output
of the inference rule so as to produce an inference output. In
the first correction section 29, an absolute weight coeflicient
1s multiplied by the inference output to accomplish the first
correction of the output.

Assuming that the inference rule associated with rule 3 1s
executed, since the inference rule possesses a high certainty,
the output 1s multiplied by 1.0 as the absolute weight
coellicient. If inference rule of the rule 4 1s to be adopted 1n
this execution, the inference rule having a low certainty, 0.5,
1s used as the absolute weight coeflicient for the correction
of the mference output.

Next, 1 step ST5, the related rule processing of FIG. 11
1s achieved: namely, 1n the second correction section 30, the
output from the first correction section 29 is multiplied by
the relative weight coeflicient to conduct the second correc-
tion. The corrected mnference output 1s subjected to a com-
position 1n an MAX composing circuit section, not shown
(step 6).

When the substantially same procedure 1s completely
achieved for all inference rules as described above, the
judgement step ST7 results 1n “NO” so as to proceed with
control to step STS. ST8 conducts an operation to compute
a center of gravity on the corrected outputs so as to create a
determinant value output.

Subsequently, a description will be given of the related
rule processing shown 1n FIG. 11.

Assuming now that an abnormality signal 1s inputted from
the sensor A so as to first execute the inference rule of the
rule 1, a step ST501 checks to determine whether or not a
relative weight coeflicient to be multiplied by the rule 1 1s
beforehand set to a predetermined buffer. Since the judge-
ment results 1n “NO” 1n this situation, control proceeds to
step STS503, which references the content of the coefficient
storage 25 to determine whether or not the execution rule
(rule 1) has a related rule. Since the rule 3 is found to be the
related rule 1n the coefficient storage 235, the judgement
result of step ST504 1s “YES”. Control thereby proceeds to
step STS05 to determine whether or not the related rule has
already been executed. Since the rule 3 has not been effected
yet, the step STS05 produces “NO” as a result of its
execution. The next step STS06 determines whether or not
the relative weight coeflicient associated with the related
rule 1s zero. Since this 1s the case, the judgement at step
ST506 results i “YES”. Control then changes to step
ST507, which assumes that the inference rule of the rule 3
has alrecady been achieved and hence sets the inference
output thereof to zero. In this manner, when an inference rule
not having been executed 1s assumed in the processing as a
rule already executed, the inference processing can be
conducted at a higher speed.

Furthermore, since there also exists a rule 4 which 1s the
related rule to the execution rule 1, the processing 1is
similarly achieved, as described above. Then, after the steps
subsequent to the step STS03 are executed, the judgement of
the step ST504 finally results 1n “NO”, thereby completing
the procedure of the related rule processing.

Next, assuming a case where the signal level of the signal
from the sensor B 1s decreased so as to first execute the
inference rule associated with the rule 2, the step ST501
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checks to determine whether or not a relative weight coet-
ficient to be multiplied by the rule 2 1s beforehand set to a
predetermined buffer. Since the judgement results 1n “NO”
in this case, control proceeds to the step ST503, which
references the contents of the coefficient storage 25 to
determine whether or not the execution rule (rule 2) has a
related rule. Since there exists the rule 3 as the related rule,
the judgement of the step ST504 results mm “YES” and
control proceeds to a step STS03 to determine whether or not
the related rule has already been executed. Since the rule 3
has not been elfected yet, the step ST50S5 results 1n “NO”,
and then the next step ST506 determines whether or not the
relative weight coeflicient associated with the related rule 1s
zero. The relative weight coeflicient with respect to the rule
3 1s 0.5 1n this case and hence the judgement of the step
ST506 results 1n “NO” causing 1t to execute a step 508,
which sets the relative weight coefficient 0.5 to the prede-
termined buffer with respect to the rule 3.

Since there does not exit other related rule to this rule 2,
the processing 1s returned to the step ST503 such that the
step ST504 results 1n “NO”, thereby completing the proce-
dure of the related rule processing.

Moreover, assuming that the inference rule of rule 3 1s
further executed, the step STS501 checks to determine
whether or not a relative weight coefficient to be multiplied
by the rule 3 1s beforchand set to a predetermined buffer.
Since the judgement here results in “YES” in this case,
control proceeds to step STS02, which multiples the infer-
ence output of the rule 3 by the relative weight coeflicient
thus set to the buffer so as to correct the inference output.
Subsequently, the step ST503 references the content of the
coellicient storage 25 to determine whether or not the
execution rule (rule 3) has a related rule. Since a related rule
does not exist, the judgement at step ST504 results in “NO”,
thereby completing the procedure of the related rule pro-
cessing.

FIG. 12 shows the configuration of a fourth embodiment
in accordance with the present invention. A knowledge base
41 1s disposed to store therein fuzzy processing rules and
membership functions, which are edited on a display screen
42. In the knowledge base 41, the tuzzy processing rules and
the membership functions are not 1n the execution format
and hence are converted 1nto the execution format prior to an
execution of a fuzzy inference associated therewith. A
simulation section 43 1s employed to achieve an inference
simulation by use of the fuzzy processing rules and the
membership functions stored in the knowledge base 41. In
accordance with the present mmvention, the simulation sec-
tion 43 comprises a simple inference simulation section
43aand a control system simulation section 43b. The simple
inference simulation section 43a includes a pseudo input
generator 70 for supplying a single pseudo input or con-
secutive pseudo iputs to the knowledge base 41. The
simulation section 43 comprises, as its central section, a
fuzzy 1inference section 71, which achieves a fuzzy inference
on the pseudo mnput supplied from the pseudo input genera-
tor 70 to the knowledge base 41. For a single pseudo 1nput
or consecuftive pseudo mputs, the fuzzy inference section 71
conducts a single inference or consecutive inference
operations, respectively. A result of the inference 1s deliv-
ered as a fuzzy output and a determinant value to an output
section 72, which includes a display screen and an external
storage.

The control system simulation section 43b 1s constructed
such that, by use of a closed loop, a control objective model
73 established by supplying arbitrary parameters 1s linked
with the fuzzy mference section 71, which 1s then connected
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to an output section 74. The control objective model 73 1s
represented with differential equations according to, for
example, the Runge-Kutta method. Results of the simulation
are attained by solving the differential equations of the
model 73. The obtained simulation results are delivered to
the output section 74, including the display screen.

Furthermore, 1n accordance with the present invention,
there 1s disposed a translator 44 for a translation 1nto the C
language and the like: namely, the fuzzy processing rules
and membership functions stored 1n the knowledge base 41
can be translated into the C language and the like. The
results of the translation are stored, for example, 1n an
external storage.

Moreover, 1n accordance with the present invention, the
output section 74 for outputting the simulation results
attained by the control system simulation section 43b
includes means for successively outputting the simulation
results as fuzzy processing rule adaptive degrees to a display
screen or the like. With the provision of this means, it 1s
possible to easily evaluate the adaptive degrees and the like
of the fuzzy processing rules on the display screen or the
like.

FIG. 13 1s a configuration block diagram showing, in
more detail, a fuzzy control system development support
apparatus 1n which there 1s particularly shown a software
configuration. This apparatus may be implemented by use
of, for example, a workstation. The apparatus operates on an
operating system (OS), for example, UNIX. The operating
system (UNIX) supervises a screen control for achieving
data editing and the like on a display screen, a graphic
control for displaying a simulation result and the like on the
display screen, and the man-machine interface. A knowledge
setting section 50 1s disposed to store the fuzzy processing
rules and the membership functions in a knowledge base 51.
In the knowledge setting section 50, a fuzzy processing rule
(to be simply referred to as a rule herebelow) is edited on the
main memory and a membership function (MFS) is defined
and 1s edited thereon.

FIG. 14 shows an editing screen utilized when a mem-
bership function is edited by use of the knowledge setting
section 50. In this display screen, the operator may input
data items such as input/output variable names, a fuzzy
label, a comment, and lower and upper limit values of a
variable name.

FIG. 15 shows an editing screen employed when an
inference processing rule 1s edited by the knowledge setting
section 50. As can be seen from this diagram, 1n this display
screen, the operator can mput six conditions as the anteced-
ent and two conclusions as the consequent.

FIG. 16 shows a display screen in which a membership
function inputted in the editing screen above 1n the utility
mode 1s graphically displayed. In this screen, the file name
of the membership function is indicated as msfabc. By using
an 1mput operation device such as a mouse, 1t 1s possible to
change the page of the membership function file. The control
of the 1nput section mncluding the mouse 1s achieved by the
man-machine 1nterface, wherecas the graphic display
operations, such as the data editing and the membership
function display on the display screen, are supervised by the
screen control and graphic control sections of the operating
system.

The 1nference processing rules and membership functions
stored 1n the knowledge base are translated to generate a file
containing the contents of the knowledge base 1n an execu-
tion format 1n the execution format conversion or translation
section 52. That 1s, based on the knowledge base, the
contents thereof are converted, for example, by adding
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parameters such as those of inference methods, mto data in
a format executable by the fuzzy inference program. The
execution file 1s then transmitted to the fuzzy inference
section (to be simply referred to as an inference section
herebelow) 53, which achieves a fuzzy inference on the
received data to supply a result of the inference to the
graphic control section.

A simple inference simulation 1s accomplished by means
of the inference section 53 and the pseudo mput section 54.
The pseudo 1nput section 54 supplies pseudo data to the
knowledge base 51. Input data include the single data and
the consecutive data, whereas the mput format allows data
including an integer, a real number, and an exponent data
item. The consecutive data may be retained as an mput data
file. The pseudo data 1s subjected to input editing by use of
the screen control section.

The result of an inference accomplished by the inference
section 33 1s sent to the graphic control section so as to be
displayed as the final fuzzy output and determinant values.
Incidentally, when pseudo data items are consecufively
mnputted, the inference results are attained as a graphic
display with the X and Y axes representing the input data and
the 1nference results, respectively.

In order to conduct a stmulation of a control system, a
plant setting section 60 1s utilized for establishing a model
61 of a plant as a control object, a simulation environment
setting section 62, a plant computing section 63, an output
section 64 for outputting a result of the simulation, the
knowledge base 51, and the inference section 53.

For simulation of the control system, as shown 1n the
configuration of FIG. 12, a fuzzy inference engine, set as a
controller and a plant model established by use of
parameters, are configured in a control system of a closed
loop, thereby achieving the simulation. This provision
enables the fuzzy control to be simply evaluated. In the
simulation of this control system, various kinds of environ-
mental conditions may be specified. The simulation envi-
ronment setting section 62 1s disposed for this purpose. That
1s, by use of key inputs, there can be set the environmental
condition i1tems such as a simulation period of time, a step
of time (sampling period of time), a target value format (step
response, lump response) and a magnitude or gradient,
presence/absence of an external disturbance, a disturbance
format (step, pulse, sine wave), a disturbance application
position (the input or output side of model) and an applica-
tion start and end points of time, a magnitude of the external
disturbance, a frequency in a case of a sine wave, each 1nitial
state amount of the system degree, gains on mput and output
sides of the controller (fuzzy inference engine), and an
output format (the position type to output a controller output
itself or the velocity type to accumulate control outputs to
attain a final output). The plant model 61 can be set through
key-in operations of the system degree, the input/output
degrees, and the 1dle time.

The plant model 61 may be represented 1n a format shown
in FIG. 17. The plant model 61 expressed with these
differential equations and the inference section 53 are linked
with each other through a closed loop. The plant model 61
1s then supplied with an inference result as a control 1nput,
whereas the solutions of the differential equations represent-
ing the plant model 61 are returned as a plant output to the
inference section 33. The closed loop computation 1s repeat-
edly achieved m times (m=simulation period of time/step
period of time) such that the controller output (the output
from the inference section 53) and the plant output at the
respective iteration are kept as simulation results in the
simulation result output section 64. By the way, 1t 1s assumed
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that the plant model 61 1s represented with differential
equations according to the Runge-Kutta method and the
plant computation section 63 accomplishes the computation,
as shown 1n FIGS. 18a to 18c. FIG. 19 shows the closed loop
control system. FIG. 18a shows a procedure to obtain an
input to the plant model (control objective model). The
differential equations are solved as shown 1n FIG. 18b. The
control amount 1s obtained through the procedure of FIG.
18c. The simulation results thus attained are passed to the
graphic control section, so that the respective data i1tems of
the controller output (manupulated variable) and the plant
output are displayed as a graph in a time domain on a
cathode-ray tube (CRT) screen. FIG. 20 1s a diagram show-
ing an example of simulation results of a plant output
(control amount). Simulation results also include such items
as those shown 1n FIGS. 21 and 22. FIG. 21 shows a screen
ographically showing as a topological plane locus the differ-
ential values of the deviation with respect to the deviation
values, whereas FIG. 22 shows adaptive degrees of fuzzy
rules. Incidentally, particularly, in this embodiment as
shown 1n FIG. 22, since the adaptive degree can be graphi-
cally shown for each rule, 1t 1s advantageous to evaluate the
rule 1in a short period of time.

FIGS. 23 and 24 shows a screen employed to establish a
plant model and a screen used to set a simulation environ-
ment condition.

Moreover, this system 1ncludes a translator 80 to translate
the knowledge base 51 into the C language and an inference
library 81 in which contents are beforehand prepared in the
C language. The C language translator 80 translates into
source programs of the C language the rules and member-
ship functions set 1n the knowledge setting section 50. The
inference library 81 1s to be loaded at least with the follow-
Ing items:

(1) Set data to an input variable.

(2) Execute an inference.

(3) Read a value of an output variable.

(4) Read a value of an input variable.

(5) Dump various data items.

The contents of inference library 81 and the source
programs of the C language thus translated and stored 1n the
knowledge base by the C language translator 80 are used to
develop application programs depending on various micro-
ProCeSSOrs.

FIG. 25 shows a procedure employed when a software
fuzzy program 1s stored 1n a target memory. An application
program prepared 1n the C language, for example, a main
program to control a temperature adjuster and the C lan-
cguage translator output and the inference library output
respectively produced from the support apparatus shown as
an embodiment in FIG. 13 are processed by use of a
cross-compiler for a microprocessor as a target machine.
The compilation results are further processed through a
linker and a debugger to create an object program. The
produced object program 1s then delivered to an emulator,
which writes the object code of the program in a target
memory PROM. Through the procedure above, the fuzzy
temperature adjuster control program 1is stored in the target
memory. The target memory including the control program
1s 1nstalled 1n a controller board achieving a control of the
temperature adjuster. In this system, since inference results
can be obtained for consecutive pseudo mnput data items, the
inference results can be directly stored through the emulator
into the target memory. Also 1n this situation, the target
memory 15 directly mounted, for use, on the CPU board of
the actual machine.
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While the particular embodiments of the invention have
been shown and described, it will be obvious to those skilled
in the art that various changes and modifications may be
made without departing from the present invention in its
broader aspects.

We claim:

1. A fuzzy control system development support apparatus
comprising;:

a knowledge base storing therein fuzzy rules and mem-

bership functions previously set;

simulation means for generating and supplying a pseudo

Input;
means for performing a fuzzy inference on said pseudo

input supplied from said generating means 1n accor-
dance with said fuzzy rules and membership functions

stored 1n said knowledge base;
means for outputting an inference result obtained by said
inference performing means;

a display means for enabling the editing of said fuzzy
rules and membership functions; and

translator means for translating said knowledge base mto
an arbitrary language.
2. A fuzzy control system development support apparatus
comprising;
a control objective model to be controlled 1n a simulation;
a knowledge base storing therein fuzzy rules and mem-
bership functions previously set;

a display means for enabling editing of said fuzzy rules
and said membership functions stored in said knowl-
cdge base;

translation means for translating said knowledge base 1nto
an arbitrary language;
means for generating and supplying a pseudo input;

means for performing fuzzy inferences on said pseudo
input supplied from said generating means and feed-
back from said model 1mn accordance with said fuzzy
rules and membership functions stored 1n said knowl-
edge base and for supplying the inference result to said
model; and
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means for outputting at least one status of said model
controlled by said fuzzy inference performing means.
3. A method of developing a fuzzy control system com-

prising the steps of:

preparing a knowledge base storing therein fuzzy rules
and membership functions;
generating and supplying a pseudo input for simulation;

performing a fuzzy inference on said supplied pseudo
input in accordance with said fuzzy rules and member-
ship functions stored in said knowledge base;

outputiing an inference result obtained by said performed
fuzzy inference;

editing said fuzzy rules and membership functions, said
editing step ncluding the step of using a display; and

translating said knowledge base into a language.

4. A method of developing a fuzzy control system com-

prising the steps of.

preparing a control objective model to be controlled in a
simulation;

preparing a knowledge base storing therein fuzzy rules
and membership functions;

editing said fuzzy rules and said membership functions
stored in said knowledge base, said editing step includ-

ing the step of using a display;

translating said knowledge base into a language;

generating and supplying a pseudo input;

performing fuzzy inferences on said supplied pseudo input
and feedback from said model in accordance with said
fuzzy rules and membership functions stored in said
knowledge base, and supplying the inference result to
said model; and

outputiing at least one status of said model controlled by
said inference resull.
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