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Part 3 —Fuzzy Logic and Fuzzy Systems

AUB B

) X =
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» The fuzzy set theory was proposed by Lotfi Zadeh in 1965.

« Was long misunderstood.

* In the mid-80s used to design Mamdani fuzzy controllers

e
N
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Emulate the Physiology
Artificial Neural Networks

Emulate the Psychology
Fuzzy Logic
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FuzzylLogic

According to the availability of
anexpert Or samples of a system

the fuzzy or the RNA paradigm is indicated.

Problem

Available
Information

Paradigm
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Partial Descriction of the System (Incomplete)

P

Expert Adaptation, Samples

¥ g

Fuzzy Artificial Neural Networks
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I 2 Tt Expert Systems

Knowledge Base

Facts Base

R1: If Aand B then C
R2: If D and E then F

A
B
D

Inference
Machine

New Facts

Extraction of Knowlegde of Expert (build knowledge base)

|.T. expert creates the environment (shell)

“Normal” human presents facts and questions (over and over)
Response of ES similar to the human expert!
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[ iwsaws Example of “If-Theri Rules

Air Conditioner

If temperature i&w
Thenreduce air conditioning

If temperature I9K
Then do nothing

If temperature isigh
Then increase air conditioning power

Conventional Sets

n low OK high
1
18 25 T,C
Fuzzy Sets
A
n low OK high
1

—
\

18 25 T/°C

N
>

Partial membership to both linguistic concep
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/st Fuzzy Sets — Membership Fuction

Ha(X): X - [0]]
Fuzzy Sets

(1 if xisa fully member of A H| low OK high

Uy (X)=< (01 if x belongs partially to A
0 If Xxisnot a member of A

18 25 T/°C
Tal person:
Subjectiv concept and depends on the context
- . _ . . - . A
Extension of the Boolean Logic — Historical perspective: u china curope  NBA
1
~ 1930, Lukasiewicz : {0,1/2,1}, [0,1]
1937, Black : Membership fuction
1965, Lotfi Zadeh : Fuzzy Sets
Multivalent Set Theory
~ 1988, Commercial Products : “third wave” of interest >
1,70 1,80 2,00 h/m
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I wsii FuzzySets — operations

Ex.: Complement, Intersection and Union

HA"(X) =1- uA(X)
LA N B(X)=min(@A(X), 1£B(X))
LA L B(X) =maxA(X), uB(X))

W A A W A ANB B W A AUB B

XA X LXK

N
>

X X X

N
>
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[wswiwa Fuzzy Sets — Properties

Involution (AC)C = A

Comutativity AUB = BUA ANB = BNA

Associativity AUBUC) = (AUB)UC ABNC) = (ANB)NC

Distributivity ANBUC) = (ANB)U(ANC) AUBNC) = (AUB)N(AUC)

ldempotency AUA = A AA=A

Absorptior AUA NB) = A ANAUB) = A

|dentity AUD= A ANQ=A

AbsorptionbyQed AUQ = Q ANO =@

De Morgan's Law (AN B)¢ = ACU B¢ (AUB)¢ = AN B¢

However:

ANAC £ @ Does not satisfy the law of no-contradiction

AUAC £ Q Does not satisfy the law of third excluded

AU (A°NB) £+ AUB Does not satisfy the absorption of the complement

ANACUB) £+ ANB Does not satisfy the absorption of the complement
]
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- Fuzzy Sets — Examples of “strange” behavior

ANAC # @ Does not satisfy the law of non-contradiction

AUAC + Q Does not satisfy of the third excluded
u A A AC " A N K
1 1]

ANAS
X> X;
A
H A AS u i A AS

[—
[e—

AUAS
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I :wzsw Sentence Calculus — Classical Logic

In Classical Logic, the truth values of propositions (sentence calculus)
are obtained by the following truth table ("modus ponens" — afirmative modus ).

A B ~A AOB| AOB| A_-B

(- AOB)
0 0 1 0 0 1
0 1 1 0 1 1
1 0 0 0 1 0
1 1 0 1 1 1
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Sentence Calculus — Fuziggic

When the information is inaccurate, the inference engine
implements the so-called approximate reasoning

Fuzzy logicimplements approximate reasoning
in the context of fuzzy sets ("generalized modus ponens").

fact: A Tomatoes are very red
rule: A-B If tomatoes are red then they are me
consequence B The tomatoes are very ripe

-A = n(A) n — negation

AUOB = T(AB) T— t-norm

AlOB = S(A,B) S — t-conorm

A - B = I(AB) | — implication

LARN SRR AR ECTEETY | aboratorio de Automagéo e Robodtica -
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| :wsiwe  Implication Operators

“If <premise> Then <conclusion>"

|:[0,1]? - [0,1] , uA: X - [0,1],uB :Y - [0,1]

HA - B (X,y) = I(UA(X), UB(Y))

Implication Name
max (1-a,b) Kleene-Dimes
min(1-a+b,1) Lukasiewicz
=P [ min(a.b) Mamdani
a.b Larsen
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o = zzyReasoning
basedon Max-Min composition

Definition: Let A, A and B fuzzy sets on X, X and Y respectively.
Assume that the fuzzy implication-A B is expressed by the

fuzzy relation R on X xY, then the fuzzy set B'is induced "x is A"
and the fuzzy ruleif'x is Athen y is B' is defined by:

HB’(y) = max  min [UA(x), UR(X,Y)]
=V, [MA(X) C uR(X,¥)], thaimean: B'=A'o-R=A'o(A - B)

One fuzzy rule with one antecedent

min

w - degree of membership to the rule
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FuzzyReasoning
baseton Max-Min compaosition

One fuzzy rule with two antecedents

“if xisAandyisBthenzis C”

min

w,, W, — degrees of membership to the respective rules.

LARN Laboratério de Automagédo e Robotica - A. Bauchspiess — Soft ComputingalN\&iworks and Fuzzy Logic
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I :wswe Max-Min FuzzyReasoning

Two fuzzy rules with two antecedents

“It xisAlandyis Blthenzis Cl”
“It xisA2andyis B2 thenzis C2” Result: C’
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- wsssi - DefuzzyficationSchemes

Associate a numeric value
— output of the fuzzy inference machine

A
C’

max

Supreme of max
Centroid of the area
Bissection of the area
Average of max
Minor of max

LARN Laboratério de Automacéo e Robotica - A. Bauchspiess — Soft ComputingalN&iworks and Fuzzy Logic
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Fuzzylnference withexact A" (“crisg’)

- Mamdani Model

Al

A2

Two fuzzy rules with two antecedents

“if xisAlandyis Blthenzis C1”

“If xisA2andyis B2thenzis C2" Result: C’

Laboratério de Automagédo e Robotica - A. Bauchspiess — Soft ComputingalN\&iworks and Fuzzy Logic
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[ iwsii Fuzzylnference Systems

* Fuzzy systems are knowledge-based systems (like Expert System

Knowledge Base Facts Base  (Sensors)
R1:1f AancB therC A
R2: If D and E theno F B

D

Inference
Machine

New Fact

(Action!)
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[ twmt Fuzzylnference Machine

The fuzzy inference machine follows these steps
to obtain the Inference Result given a set of facts:

/

1. facts with premises (antecedents)
2. compatibility degree of each rule
3. belief in each ru
4. aggregation

For the aggregation four methods are popular:
a) Mamdani (Max-Min)
b) Larsen
c) Tsukamoto
d) Takagi-Sugeno
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— AIr Conditioneer

Window Air
Conditioneer
Knowledge Base Facts Base Supervisory
R1: If TisHigh andU is T = 30°C Control
Low thenPis average U=20%
R2:If TisLow and U is R=22°C
High thenP islow
Inference
Machine
[ ]
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[ :w=w Interface with the Real World

*Fuzzyfication and Defuzzyfication

Fuzzy- Rule Database Defuzzy-

. L Exact
fication — > Inference —» | fication —>

Values

Exact
Values

A feedback controller based on fuzzy logic (Intelig€ontrolley would have the following structu
where F. |. D. means: Fuzzyfication, Inference ancubaffication.

—> O0—> F I D. | —» System |[——»

|
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- dsai - Computational Tools

x I J,lf::”ﬁﬂ j/ http://mww.imse.cnm.es/Xfuzzy/download.htm

XFuzzy System for Unix developed by the
Instituto de Microelectronica de Sevilla — Espanha

http://www.mathworks.com MatLab®

[ 1

s
1.:1 .u.ut tPven 1

output

http://www-rocq.inria.fr/scilab/ SciLab
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- wimsali - Ex: Fuzzy Proportional Control

ref error —— u output
—> O—> F.. I.: D. —> Sistema | ————»

T_

Closed Loop Control

N NM Z PM P

-
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‘
; r»l'
/_»J_L‘_ - Scope
s+l
Ramp Zero-Order Gain Transfer Fen
Hold
‘
; r»l'
/o M
s+l
Rampl Zero-Order Gainl Transfer Fenil
Hold1 Fuzzy Logic
Controller

with Ruleviewer
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S| OL 0 _ File Edit View

ElS Vanabies Membership function plots  Plot poirts: . 1.EF1”
| . T . . . !
. - n z
: : - ; Brro u
Bl
a - - = . //L!\ -
S0 25 B i) o ] = q B = 0
input varizkble "erra”
Current Yariable Current Membership Function (click on ME to select)
...... Matme Brro Matne Zz
S S N — Type input paee Bimt bz
Farams |
{ 0132 00.132]
_________________________________________________________________________________ Range [-1010] L
Dizplay Range [-1a31] | Help ] Close
Saved FIS "ex_ SENEZ007 to disk

C[E[x] C[5[X]
File Edit “iew Options File Edit View Options

erro = 0.061
u=0.0549

i A

3
10 10
-10 10
H (input); erro e | Cinput): - none - e | L (OutpLt): u "
Hogrids: 15 Y grids: 15
Fet. Input: Help ] [ Close Input: | o nenos Plat pairts: |74 hdave: [ left ] ’ Fighit l [down] [ up ]
Renamed FIS to "ex_SEME2007" Renamed FIS to "ex_SEME2007" | Help | | Close | 128
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- wisili Exc MultivariableFuzzy Controller

Air conditioning system for an office environment.

A

Frio Morno Quente

>

10° 20° 30° T

80% ~ Poténcia

(Universo de Discurso)

Conjunto Fuzzy
Particdo do Universo de discurso

H H H (
Seco | [ Médid / i Umido | \
I | ) |
: \ / : B \
30% 50% 70% “ Umidade ]

Membership functions used for the temperature control.
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Fuzzy Inference: -

Temperature is 28° C X
Relative humidity is 35% /

The calculated Power is 65%.

Rule Basis A

If T is cold and U is dry then P is low

If T is hot and U is humid then P is high

If T is warm and U is average then P is high
If T is hot and U is dry then P is average

]
LARN
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File Edit Miew Options

- [B[x]

i

| File  Edit View

HEH

, - Membership function plots  PIot paints: 18
4 1F (T s frio) and (U is seco) then (P iz baixa) (1) P FIS Wariables ; R i L )
[2.1f (T iz quente) and (U iz umido) then (P i= alta) (1) #io conforto querte
(3. If (T iz conforto) and (U iz medio) then (P iz afta) (1) r‘z i
4 If (T iz querte) and (U iz zecal then (P iz medis) (1) s
T p
| XX “
]
bl
If and Then 1} By
il b P 10 20 25 30 3 4
[frio i seco Y lhaiza A input wariskle "T"
iconforta nedio nedia
iuents |uitriiclo [afta Currert arfable Current Membetship Function (click on MF to select)
none {none [none
Maitrie T Narre | contorto
| fhat | o | At = = ‘
; - : Type i
| [t [ rict et Type input ik trimd |
1 Farans
Cannection Wsight: Range (10 40] ([22523.524.5)
o L
Lf " : Display Range | [10 40] Help | Cloge
OF i Delete rule ] [ 2] rule ] | Change rile ‘ :
The rule is added | Help I [ Clozs ] i
_ suface Vi - [B[X] L s bimesiog [-[olx]
| File  Edit View Options | File Edit Wew Options
T=25 =05
=30
1 : “‘-
a0 .
air f{‘r.’
o 2 /
s
o e
dnd.. i P
i Y I * S *
i ! = -
100 4 g i ;
10 40 i 100 |
, i 100
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[ 15tOrder SugendruzzyinferenceSystem

@
R,: IF xis A, AND y is B, THEN f, = px + gy + I, "l Consequent:
‘ R, IFXisA,ANDyis B,THNEf,=pXx+qy+Tr, linear combination
of the Iinputs )
Al Bl -
(pi,qi,ri) instead of output M.F.
)
wl

fl= plx+ qly+rl

X Y f= wifl+ w2f2
> wl+ w2
= wlfl+ w2f2
f2= p2x+ q2y+ 12
w2

X Y
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[wmiws - AdaptiveNeuroFuzzylInferenceSystem
(ANFIS)

R;: IFxXisA/ANDyis B, THENf =px+qy+r,
R, IFxisA,ANDyis B,THNEf,=px+qy +r,

X : \ wifl
_ e—o -0
&

SN ol
-

X
&~ o<

—

<

x—

Adaptive feed-forward network for the Sugeno fuzzy model - adaptive block O - fixed block
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[ : sy ANFIS Layers

[ Layer 1 Adaptive Nodes ] Layer 3 Fixed Nodes
05; = w (medio) = w_, i=1,2

0, = My(x), fori=1, 2. W, + 0,

01; = Hgio(y), fori=3, 4.

Ai — generalized bell function [@&4 Adaptive Nodes J

Ma(x) =_1 0, =_0 .fi=_w .(px+qy+r), i=1;
1+ [(x-6)%(a)4]" W +w, 0+

[ {a, b, G} set of premise parametersJ [{ p; gi, r;} set of the consequent parameter%

Layer 2 Fixed Nodes
Layer 5 Fixed Node

0,; = W) = Hyi(X) XHgi(y), 1=1,2
1 Os;i =2 .§=2Zf

T-Norm w +tw, 2, W
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[wsirs - ANFIS Hybrid Learning

.
< \@®

-0
a4

1 — Fix the premisse parameters
= Output is a linear combination of the consequence parameters
f=_w .f+ _w .f
W, + W, W + W,
=_1 . (@xp; +wyq; +wr; +wXp, Ty, + W)
W, + W,

= ldentify consequence paraters using Least Mean Squares method.

< >

1 2 — Backpropagtio of the errroi signals toadap the premisseparametel
D it = Gradient descent method.

Forward Step Backward Ste

@ f Premisse Fixed Gradiente descel

t

—

H
Parameters
ConsequenceLMS Estimate Fixed
Parameters
D Signals Output nodes Error Signals

=< >

)
y
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[:asir ANFIS
AdaptiveNeuroFuzzylnferenceSystem

180 /pi [ ]
erro ]
U train _data
Scope

Rad 2Deg

To Workspace

- u
ref :M 30 ‘
—| errd
Rampa 1 ZOH I i 1 .

Kp = s

1/len theta_dot theta Pivot point
for pendulum

—{o]

$MUX)T

—  9.8*sin(u) |« P
X & theta Animation
Function

ScopeU

c/(m*len~2)

g*sin(theta)

g=- 029_ gsin@®) ., .
mi |
6+ 46+ 98sin(@) =u

[

Control law u=30(r - 6)
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gy

Ramp ZzOH

o}

Fuzzy Logic
Controller

c/(m*len”2)

—+}-E-E

Radians Scope
to Degrees

Pivot point
for penduluml

Bl

L—19.8*sin(u) i«¢

g*sin(theta)

ShE

Scope Atuador

Nrs \ . 2WS
- e u " *
1 1
Kp B >|§ y
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x & thetalAnimation
Functionl

thetal

1/lenl theta_dotl

c/(m*len~2)1
9.8*sin(u)

g*sin(theta)l

ANFIS x P-Controller

Angular position (t) for a stair reference

200

150

100

50

0 (degrees)
o

50
-100 B
-150 B
-200 ‘
0 20 40 60 80 100 120 140 160 180 200
time (sec)
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FIS Variables Membership function piots ~ Plot points: 181

in1mf4 in1tmf1 in1mf3 in1mf2 in1mfs
L] -
o
r u

¥

-2 0 2
input variable "r*

Membership functions of r (reference)

r=157 y =157

u=-02812
1 ;
2 4
3
\\\ E_,_,.r'/ '\.___E I
4
5
-3.1416 3.4907 -3.1416 31422 i :
-123.1 1215

O Rule Viewer Another view of thenon-linear control surface
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Fwmss ANFIS — Who is theExpert?

Expert Knowlege

- s Linear behavior if
Ramp  ZOH ng?t/rgﬁgric the COIT[I’O| Slgnal, u,

Pivot point

forpenduum 1 can cancel the non-linear
i. dynamics of the process.
c/(m*len”2)
X & theta 1Animation

Funeton 1 — “Exac Linearizatior’ (E.L.)
hE (not only operating point)

Scope Atuador

>
> } .
>

G +40+98sin() = u
9.8%sin(u)/5 }

& T
1/lenl theta _dot1 theta 1
T_@J P-Control law u=K (r-6)

c/(m*len”~2)1
9.8*sin(u)

g*sin(theta)l

—— 9.8*sin(u) ¢

g*sin(theta)

ol

Comp . nao linar

E.L.—Control law u=K (r-6-98sin(f))
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Iwswa ANFIS — Controller

200

0

i (D Rules Trained by an ANN!

150

100

-You can explain and
add new rulesf(izzy)

50

Arglidgas]
o

-You can train with
real data (ANN)

-50

-100

-150

-Drawback
-200 20 20 60 80 100 120 140 160 180 200 more par ameters... j

tempo/[seg]

15

T
u_ fuzzy v

u__linEx

Tague

10 | | I | | | | | |
o 20 40 60 80 100 120 140 160 180 200

tempo/[sed]
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