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Abstract – Reconfigurable fuzzy inference mechanism circuit using MOS analog electronics is presented in this paper. Fuzzy inference (FIC) circuit, which is also called fuzzy inference machine, is one of important components in fuzzy logic controller circuit. It has function to configure fuzzy rules stated as fuzzy implication statements. Generally the FIC consists of minimum operation circuits, maximum operation circuits, and matrix-structured fuzzy rule circuit. This paper proposes fuzzy inference mechanism circuit, which can be reconfigured in term of the fuzzy rules determined by the controller designers in line with their fuzzy controller specification. The reconfigurable feature results in flexible fuzzy inference, thus it is open to broader application areas followed by the desired circuit specification. This paper is the branch of the project to design analog fuzzy logic controller chip resembling standard-cell-like technique as in digital design technology, where fuzzy inference mechanism circuit is one of the important cells in the chip.
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1. Introduction

As stated in part 1 of the paper, Fuzzy Logic Controller (FLC) as one of the intelligent control systems has been extensively used in some electronic equipment, automatic transmission controller in automotive, as well as in chemical process control system applications.

In industrial practices, fuzzy logic is used especially in the systems that have complicated mathematical model even in the system whose model is extremely difficult to be derived. As an alternative and non-conventional control system, fuzzy logic controller emerges not to replace or eliminate all conventional control system. Sometimes fuzzy controller is used to complement an existing PID controller, where FLC control the parameters of the PID controller.

1.1. Fuzzy Logic

In classical logic a proposition is either true or false. If an inference is a correct deductive inference, then it is impossible for its premises to be true and its conclusion to be false. Thus, the relationship between premises and conclusion is one of certainty (i.e. IF today is Sunday THEN tomorrow is Monday). 

There have been attempts to expand the rigid framework of two-valued logic and to allow inferences to include propositions whose truth-value might be partly true or partly false (i.e. IF a vehicle runs fast THEN accidents occur more often). It was considered to build logical frameworks that take into account the uncertainty of truth-values. Such alternative logic is called multi-valued logic. 

All multi-valued logic begins by relaxing the true/false dichotomy of classical two-valued logic by allowing one or more additional truth-values between these two extremes. In the case of three-valued logic there is exactly one indeterminate truth-value. The 1, 0, and ½ denote the truth, falsity and the indeterminacy values respectively. The idea behind n-valued logic is that, once one is allowed to think of a proposition p as having a truth value of ½ (halfway between completely true and completely false), then one can think of propositions that are mostly true or only a little false. These values can be interpreted as degrees of truth, and so multivalued logic may be seen as the precursors of fuzzy logic. Fuzzy logic may be conceived as the class of logic using the truth set [0, 1], instead of {0, 1}. Since all values in the continuum [0, 1] are used, thus fuzzy logic can be called as a continuous logic.

The basis of logic is that inferences are composed of declarative statements or propositions. The building blocks of inferences are simple, affirmative, declarative propositions that may be combined to form complex propositions.

1.2. Fuzzy Inference

The fundamental difference between classical inferences and fuzzy inferences is in the range of their truth-values. While each classical proposition is required to be either true or false, the truth or falsity of a fuzzy proposition is a matter of degree. Consider the inference in the following:

Ancient furniture is usually rare collectible 

Rare collectibles are expensive 

Ancient furniture is usually expensive

The above inference is an example of fuzzy logic in natural language, which cannot be adequately dealt with in classical logic.

Another result of the difference between the range of the truth-values of classical and fuzzy propositions is that fuzzy inference rules that seem to be conflicting can be true at the same time. Consider the following rules:

Rule 1: 
IF water level is low THEN valve is open 

Rule
2: 
IF water level is appropriate THEN valve is closed. 

In classical set theory a water level is either low or normal, but never both. Therefore only one of the before mentioned rules is applied on the control of water level of a drum. In fuzzy set theory a crisp value can be a member of multiple sets. A certain drum’s water level can be considered low to a certain degree and be considered appropriate to another degree. Both rules will then apply, because the precondition for both rules is true to a certain degree.
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Fig.1.
Fuzzy inference mechanism for three rules using Max-min Mamdani inference method.
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Fig.2.
Fuzzy inference mechanism for three rules using Zero-order Sugeno inference method with three fuzzy singleton terms of the output. 

2. Structure of Fuzzy Inference Circuit

As mentioned in part 1, fuzzy logic controller hardware consists of three main components:

1. Membership function circuits, or fuzzifier components.

2. Fuzzy inference circuit.

3. Defuzzification circuit.

In this part 2 of the three papers, we will discuss mainly on fuzzy inference circuit. There are three fuzzy inference models that are commonly known. They are Mamdani inference system, Takagi-Sugeno-Kang inference model, and Tsukamoto inference model. Among three fuzzy inference models, Mamdani and Sugeno methods are commonly used in practice. Mamdani inference model is graphically presented in figure 1. And Takagi-Sugeno inference method with zero-order consequence is presented graphically in figure 2. In this paper the Takagi-Sugeno inference model will be mainly discussed in accordance with proposed fuzzy controller architecture.

Table 1: Example of Fuzzy Rules

	In1 \ In 2
	Slow
	Med
	Fast

	Low
	L 1
	VS 2
	S 3

	Med
	VS 4
	M 5
	L 6

	High
	VL 7
	S 8
	M 9


An example of fuzzy implication rules is exhibited in table 1. The first column denotes fuzzy terms for input 1 and the first row denotes fuzzy terms for input 2. The other 9 boxes in table 1 are fuzzy consequences for each rule. For each consequence, a superscript denotes the rule number. Examples of fuzzy rules based on table 1 are as follow:

#1: IF In1 is Low AND In2 is Slow THEN Out is S

#2: IF In1 is Low AND In2 is Med THEN Out is VL

#3: IF In1 is Low AND In2 is Fast THEN Out is S

#4: IF In1 is Med AND In2 is Slow THEN Out is VS

#5: IF In1 is Med AND In2 is Med THEN Out is M

#6: IF In1 is Med AND In2 is Fast THEN Out is L

#7: IF In1 is High AND In2 is Slow THEN Out is VL

#8: IF In1 is High AND In2 is Med THEN Out is S

#9: IF In1 is High AND In2 is Fast THEN Out is M

Based on fuzzy rules in table 1, or fuzzy rule in above statements, then the programming signals fed into maximum column circuit shown in figure 6 are shown in table 2.

Table 2: 
Programming signals for each rule (Pr_rule) fed to Vdd of MAX circuit based on fuzzy rules in table 1.

	
	Column

 1
	Column

 2
	Column

 3
	Column 4
	Column 5

	Rule 1
	0
	0
	0
	1
	0

	Rule 2
	1
	0
	0
	0
	0

	Rule 3
	0
	1
	0
	0
	0

	Rule 4
	1
	0
	0
	0
	0

	Rule 5
	0
	0
	1
	0
	0

	Rule 6
	0
	0
	0
	1
	0

	Rule 7
	0
	0
	0
	0
	1

	Rule 8
	0
	1
	0
	0
	0

	Rule 9
	0
	0
	1
	0
	0

	Consequent
	VS
	S
	M
	L
	VL


The 1 sign means that Vdd is supplied with 5-7 V, and 0 one means that Vdd is grounded. As in table, it can be seen that if any rule is related to any consequence value then it will connected to that consequence denoted by giving 1 symbol as in table 2. Thus every rule will be only related to one consequence. Detail discussions will be conducted in the section 4, schematic of maximum column circuit.

Of course, fuzzy inference rules can be reconfigured by change of programming signals to maximum column circuit to suite desired rules. Table 1 and table 2 are represented for an example of fuzzy rules for certain control application.

Fuzzy Inference Circuit (FIC) consists of two basic building cells: minimum circuit and maximum circuit. Fuzzy logic circuit shown in figure 3 illustrates structure of FLC comprising 9 fuzzy implication rules and 5 consequences. Both fuzzy rules and consequences can be reconfigured through external programming signals.
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Fig.3. 
Fuzzy Inference Circuit structure. Diagrams in colored/dashed rectangular are the scope of this paper.

4. Basic Schematic of Minimum Circuit

The basic schematic of minimum (MIN) circuit is exhibited in figure 4. It comprises two pMOSFET and two nMOSFETs for current mirror configuration. The simulation results is shown in figure 5, where V1 is supplied by sinusoidal signal with 1 V amplitude (fig. 5(a)), and V2 is supplied by DC 0.8 V. It can be seen that MIN circuit output is always equal or less than 0.8 V (fig. 8(b)).
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Fig.4. Schematic of minimum circuit
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(a)
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(b)

Fig.5. 
Simulation result of minimum circuit, (a) input 1 as sine wave, (b) output for input 2 is 0.8 V.

5. Schematic of Maximum Column Circuit

Basic schematic or representation of one maximum column circuit is shown in figure 6. It consists of ten nMOSFETs including two NMOSFET for current mirror configuration, i.e. Q1 and Q2. Rule voltages signal from nine outputs of MIN circuits are fed to the gates of nine nMOSFETs, i.e. M1, …, M9 respectively. For complete structure as in figure 3, it will need five maximum circuits like one in figure 6.
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Fig.6. 
Schematic of one maximum column circuit drawn in row format.

As in table 2, programming signal for rule k (Pr_rule-k) is fed to the drain of nMOSFET-k (Mk). And the kth rule voltage from MIN circuit output is connected to the gate of Mk. Thus the MAX circuit will only process the rules voltages whose drain connected to 6 volts supply. The simulation result is described in table 3. It can be seen that MAX circuit will only process V_rule-k having Pr_rule-k set to 1.

Table 3: Simulation results of one maximum column circuit.

	k
	Pr_

rule-k
	V_

rule-k
	Pr_

rule-k
	V_

rule-k
	Pr_

rule-k
	V_

rule-k

	1
	1
	0.20
	0
	0.20
	1
	0.20

	2
	0
	0.30
	1
	0.30
	1
	0.30

	3
	1
	0.50
	0
	0.50
	0
	0.50

	4
	0
	0.10
	1
	0.10
	1
	0.10

	5
	1
	0.60
	0
	0.60
	0
	0.60

	6
	1
	0.20
	0
	0.20
	1
	0.20

	7
	0
	0.80
	1
	0.80
	0
	0.80

	8
	1
	0.20
	1
	0.20
	1
	0.20

	9
	0
	0.90
	0
	0.90
	0
	0.90

	
	Max:
	0.592
	Max:
	0.791
	Max:
	0.294


0 Vdd is grounded
1 Vdd is set 6 V
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(a)
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(b)

Fig.7. 
Simulation result of two-input maximum circuit, (a) input 1 as sine wave, (b) output for input 2 is 0.2 V.

6. Concluding Remarks

Fuzzy inference circuit (FIC) comprising MIN and MAX circuit proposed in this paper is convenient to be reconfigured to suite any applications with certain fuzzy rules configuration. The proposed FIC uses zero-order Takagi-Sugeno-Kang inference method, which gives simple structure with minimum use of transistors. This simple structure will make the circuit cheaper in solid-state implementations and faster in operation. 

The less transistor use also makes this FIC suitable to be implemented in IC (integrated circuit) using full-costume design technique. Full-costume IC design gives high performance IC products. The circuit layout is not presented in this paper, for readers who familiar with IC layout will have a little concern to design and simulate it, then comparing the results with ones presented in the section 4 for minimum (MIN) circuit and section 5 for (MAX) circuit of this paper.

The study and analysis about the processing speed and power consumption of the circuit is not described. The quantitative analysis and qualitative description about both performances is important. They are opened for the next researches of this paper.
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