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Fuzzy Inference Coprocessor Chip!
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Abstract A fuzzy inference coprocessor VLSI chip, F200, was designed as a fuzzy
logic controller and fabricated with 0.8 um CMOS technology. The chip is mainly used
for the real-time process control and other suitable applications, such as robot control,
classification, expert systems, and so forth. F200 can work with multiple fuzzy knowledge
bases and support two types of most useful fuzzy models, Mamdani and Takagi-Sugeno

model. The chip has the precision of 12 bits. Its inference speed is about 1.2 M fuzzy
rules per second with 20 MHz frequency.
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1 Introduction

In the last decade, the fuzzy logic has become increasable widespread. The most successful
application is the fuzzy logic control (FLC). It has many advantages as follows. For complex
or ill-defined processes (nonlinear, time variant, large lag, big disturbance, etc.), FLC can be
used for realizing an intelligent control with fewer rules or program codes than the traditional
one. FLC has the fast control performance and good robustness with energy saving. The fuzzy
reasoning has the property of parallel processing, so it is suitable for implementing a high-speed
fuzzy control inference with VLSI. Since Mamdani’s landmark work!!!, FLC has rapidly become
a significant technology and has been very successful in a variety of industrial and commercial
applications!?] Furthermore, the theoretical work of fuzzy systems, such as fuzzy model, stability
analysis and design technique also made a remarkable progress. It will certainly promote FLC
applications.

Fuzzy logic controllers are usually implemented with software. However, for complex or fast
real-time systems, the hardware implementation is required. Since middle of 1980’s, several well-
known chips were developed!3~8!. They can be classified into digital (binary) and non-digital
(non-binary) systems. The later includes circuits of the intrinsic fuzzy logict!, multi-value,
analogue and so forth. Though the non-digital circuits may have some advantages, such as
high-speed and fewer devices by use of intrinsic properties of the fuzzy logic, the binary digital
VLSI is still in the dominant position due to the mature design and fabrication technology today.
Actually, commercial fuzzy chips are mainly based on binary digital circuits. In other hand, as
the semiconductor technology continues to improve, chip designers can put more functionality
on a single chip. That is so called as “System on Chip (SoC).” Therefore, the fuzzy logic control
chip can be designed as a core and integrated with a standard CPU, memories, AD/DA, etc.
to realize a whole fuzzy control system.

We implemented an experiment fuzzy chip, F100!"!, under the 863 National High Technol-
ogy Research and Development Program. F100 was applied to several control systems. Among
these, a combustion control system was implemented for the industrial boiler!®. The result was
very encouraging with the stable control under a big disturbance. In this paper, we present
a new fuzzy chip, F200, with more general and powerful functionality. The main applications
of the chip are the real-time process control and other suitable cases, such as robot control,
classification, expert systems, and so forth. The new chip has the following features.
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1) Multiple fuzzy knowledge bases, such as on-line working base, on-line tuning base and
back up bases.

2) Support the hierarchy control structure. Outputs of a high-lever controller can be
directly used as inputs of a low-level controller.

3) Two types of most useful fuzzy models, Mamdani modell!) and Takagi-Sugeno (TS)
modell®.

4) Multiple types of fuzzy rules, membership functions and fuzzy inferences.

5) Scale factors are integrated on chip.

6) High precision. 16 bits integer for variables, 12 bits integer for discourse and 12 bits
float-point for membership grade.

7) Chip is designed as a coprocessor.

In the rest of the paper, the next section will describe fuzzy control inference methods of
the chip. In the Section 3, the architecture of the fuzzy coprocessor F200 1s given. Section 4
concerns the chip design. Finally, Section & is the conclusion.

2 Fuzzy Control Inference

The fuzzy logic controller is a rule based fuzzy system. Fig.1 shows the typical configuration
of FLC. It consists of four main components as follows.

1) Fuzzy knowledge base. It determines all control operations. The knowledge base con-
tains fuzzy control rules, membership functions of I/O variables and other necessary definitions.

2) Fuzzy inference engine. It executes the fuzzy approximate reasoning. That is based on
the knowledge base to calculate output values from a given set of input values.

3) Fuzzifier. It converts crisp input data into fuzzy values (linguistic values).

4) Defuzzifier. It converts fuzzy values into crisp output values as the non-fuzzy control

actions. :
Currently, from the enormous litera-

e e e e tures, we know that the Mamdani model
l and TS model have become the dominant
ones for FLC systems. Therefore, F200
Crisp Value y Fuzzy Value chip will be designed to support these two
fuzzy models. In this section, we will
Plant Output Control Action concentrate on the fuzzy control inference
— methods of F200 chip, which includes the
Fig.l Configuration of FLC fuzzyf inference, fuzzification and defuzz-
fivation. Note that two fuzzy models have

the same fuzzification method.
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2.1 Fuzzification

Assume the antecedent of a fuzzy rule, “X is A,” and the real input condition, “X is A’,”
where A, A’ are linguistic values (or fuzzy labels), i.e. membership functions. For FLC, A’
often uses the form of a fuzzy singleton p 4/ , that is the membership grade p4/(zg) = 1, and
pa(x) = 0,z # xg, where zg is the real crisp input value. If u4 is the membership function
A, then the fuzzification means that takes the intersection of p4(xg) and par(zg) as the fuzzy
value of input xg. Usually the intersection is the min operation. Therefore, min(u4(zg),
pa(xo)) = pa(xo), which represents the degree of similarity of A’ to A.

The fuzzification operation depends on the description of membership functions. For the
table description, the function is described by a set of two coordinate values. Thus the fuzzifica-
tion simply looks up the table with a small overhead. However, it needs more memory capacity
to store the functions. So here, we adopt the parameter description. F200 chip supports 12
shapes of input membership functions, such as singleton, step-up, step-down, rectangle, S-shape,
Z-shape, triangle, and trapezoid. For the latter four shapes, their bevel edges may be replaced
by broken ones in order to form their extension shapes. These can be used to represent more
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kinds of functions, such as the approximate Gauss distribution (bell shape). Each membership
function is described by a set of parameters, z-coordinate values and slopes of bevel edges.

Then the input fuzzification is simply to evaluate the membership function value for a given
input value. For an example of a trapezoid extension shape

(Fig.2), the parameters will be coordinate values pg,p1, ..., P5
and slopes sg, 82, 83, s5. Given the input value z, the correspond- 1
ing fuzzy value p can be obtained by the following procedure.
if (:I?—p[)}O) “:0 3,
elseif (z —p; <0) pu=0
else if (z —p; <0) p=(z—p1)*s2 0 Py, Pz Ps Py Ps Po
else if (x —p3 <0) p=1-(p3—z)*s3 X
elseif (x —ps <0) p=
else if (z —ps <0) p=1—(x — py) * 5
else p = (po — ) * 8¢
For each input variable, usually one can define several membership functions on the uni-
verse of discourse of the input. Since membership functions can be overlap, so one may obtain
more than one fuzzy value p for a given input value z. Thus, the fuzzification need search all
membership functions on the z-coordinate axis to calculate multiple fuzzy values. The simplest
method 1s searching from the primary point of the z-axis, which is adopted by F200. However,
if the given input value z is very large, it will take more time to search. A possible improvement
is that divide the z-axis into multiple regions to have more start points for searching.

Fig.2 Input membership function
with trapezoid extension shape

2.2 Fuzzy Inference and Defuzzification
2.2.1 Mamdani Model

Consider MISO (Multiple Inputs and Single Output) fuzzy rule as follows.
If (X;1is A;) and (X3 is Az) and ... Then Y is C.

where X;,Y are linguistic variables, A;, C' are fuzzy labels (linguistic values). Usually, different
rules may have the same consequence label C. Therefore, we can divide the whole rule set into

several rule groups according to the value C. Then the fuzzy inference process consists of four
steps (Fig. 3)!7].
1) Evaluate the input firing strength «; of the rule j

; = (/\iui) %k RW_-,',

where p; is the fuzzy value (membership grade) of the input ¢, RW; is the weight of the rule j,
2) Evaluate the input firing strength a4 of the rule group &

Qgk = V;Qj,

3) Evaluate the output inference result C;, of the rule group k

H e (w) = agr A He,, (w),

Ruile Group
gk

a; [Combination o |a,,
firing strength

vV

Rule Group Rule Set

Inference |[C,, | Combination [C’
— of inference

Al A4

where w 1s the universe of dis-
course of the output (crisp), Cyx
1s the correspoding output mem-

bership function (label),
4) Evaluate the combination of output inference results C' of the rule set

Fig.3 Fuzzy inference process

o (W) = Vip,, (w).

The first two steps of the inference process correspond to the condition part of a rule. Its
fuzzy operator (V — A) often use (min-max) for the simplicity of the hardware implementation.
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In F200 chip, except of (min-max), we adopt one more important operator (product-bounded
sum). The membership grade p has the value of range |0, 1], usually defined as a fixed-point
integer. However, for the product operation of u, we have to use a float-point variable.

The last two steps correspond to the implication part of a rule. How to implement 1is
related to the defuzzification. And they often performed with the output defuzzification. One
possible method is that in above formulas, the value w takes 1 as its increment each timel®!.
In this case, output membership functions are usually described by tables of coordinate values.
Though it has more flexibility for the defuzzification, it needs the large overhead of the memory
and performing time. In fact, for FLC applications, the detuzzification only need to consider
the main parameters of a output membership function shape, its center location and area.
We define two shapes, the singleton and isosceles triangle for F200 chip, by the parameter
description. Then the last two steps can be directly evaluated based on the formulas in [10]
with a small overhead. Furthermore, the chip supports two defuzzification methods as follows.

A) Center of Gravity (COG)

We can obtain the output crisp value y using the following formulas. Note that for each
output, all membership functions have the same shape.

Zk Qgk * P,

Zk Qgk

i1) For isosceles triangle function with (v — A) as (min-sum) implication

1) For singleton function y = , where p, is the location of singleton,

y = >k Ok * (2 — agr) * b x p,
2k Ogh * (2 — agr) xb

iii) For isosceles triangle function with (A — V) as (product-sum) implication

- Y L Qgk kb
+k gk k

Y

?

where p, is the center location of the triangle and by is the bottom edge length of the triangle.

B) Mean of Maximums (MOM)

The output crisp value takes the center location of the membership function Cyk corre-
sponding to the maximum agx. If there are n same maximums ag, then y = >, px/n . Note
that for MOM defuzzification, the output membership function only needs the singleton.
2.2.2 TS Model

Assume MISO fuzzy rule as follows.

If (X, is A;) and (X is A2) and ... Then z; = 3. p; * x;.
In the consequence, the output z; is represented by a function of crisp input ;. The coefficient
p; has the value of the range [-1, +1|. During the inference process, for each rule, it evaluates
the input firing strength a; = A;u; and output z;, where the fuzzy operator A can be min

or product. Then the combination of output inference results y is calculated by the weighted
mean method.

\

zL:j aj * z.’f

y ="
Zjaj

3 Fuzzy Coprocessor F200

3.1 Chip Structure

The fuzzy coprocessor F200 is a general-purpose fuzzy controller mainly for the industry
real-time process control. Since the performance is not a main goal, the chip is more simply

designed as a coprocessor. It will be easy and flexible to construct a control system with
a standard CPU chip. And the knowledge base memory is separate from F200. The block
diagram of the chip is shown in Fig. 4. It includes an arithmetic unit, on-chip I /O memory and
two interfaces to outside. The arithmetic unit has an adder and a multiplier to perform all
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fuzzy operations. The I/O memory is imple-
mented with latches for storing input/output
variables, and working cells. The F200 chip ~——
has the following design parameters.

1) number of input variables: 16,

2) number of output variables: 8,

3) number of outputs directly to inputs: 7.

Host Bus

Y

On chip Arithmetic Unit |
/O Memory
. l | Adder | [Multiplier

4) number of input f}lZZY labels : 15, B’;’;gﬂe&cﬁgw I —
5) overlap degree of input labels: 3, Interface [ "

6) number of output fuzzy labels : 16, |
KBM Bus

7) number of antecedents of a rule: 1~186,
8) number of consequences of a rule: 1~ 2,

9) number of knowledge bases: 1~ 256,
10) clock frequency: 20 MHz.

Fig.4 Block diagram of F200 chip

3.2 Variable and Scale Factor

In the F200 chip, the fuzzy inference process actually shows a series of conversions and
reverse conversions of variables (Fig.5). The purpose of scale factors integrated is that while
uses the fixed word length inside the chip, we can define different lengths for external I/O
variables. So the higher resolution will be guarantee. The types of variables are defined as

follows. | |
In ut  Univ. of disc. Grade Grade Univ, of disc. Output

crlsp Cl‘lSp) (fuzzy) (fuzzy) (crisp) (crisp)

Scale Fuzzif ication Inference Defuzzification Scale
Factor Factor

Fig.5 Variable conversions

1) External I/O variable: 16 bits, support the unsigned and signed integer (complement
code).

2) Universe of discourse (U): 12 bits, unsigned integer.

3) Membership grade: 12bits, unsigned float-point with 8bits mantissa and 4bits exponent.

Membership grade | Mantissa (8 bit) | Exponent (4 bit)
' Exponent [ 1111 1110 1101 ... 0000
1 2395 20

| 5 ” Value 28 24 20 .. 2752
0 0 2Y or 2™ 00—

There is a mapping between the external variable (V) and the universe of discourse (U).
By use of scale factors, we can map the concerned part of V to U or vice-versa.
1) Unsigned integer mapping (Fig.6a)
V to U : U = D *(V_len):KI*(V_len):
Vmax — Vmin
Vmax Il Vmin

UtoV: V= 5 x U + Vigin = KO U + Vinin,

where, KI is input scale factor, KO is output scale factor, Vi,;, is lower bound of V, V.« 1s
upper bound of V, D is maximum of U, D = 2% — 1.
2) Signed integer mapping (Fig.6b)

Vito U : U=VD3 «V=KI«V
Vmax

UtoV: V= xU=KOxV,
Ds

where, maximum of U, Ds ~ 0.5 x D.
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Since we use the complement code for  Variable Univ.of disc. Variable Univ.of disc.

signed integers of I/O variables, for simplic- D Vinax D,
ity, F200 will convert the signed integer to the v, | g U
unsigned one or vice-versa. That is to corn-
plement the sign bit or the most significant |4 u ‘0/ 0
bit respectively. In that case, first, we define Vo - U
two parameters. 0 O Vo _D,
Base value:

min, for unsigned variables. | |

VB = 215 _ max, for signed variables (a) unsigned variable (b) signed variable
: .

Fig.6 Variable mapping

max — min, for unsigned variables.
2 * Vinax, for signed variables.

Then the mapping between the converted internal I/O variable (V) and the universe of
discourse (U) can be uniformly proceeded.

Range of value: VR = {

VtoU : U=KIx*(V -VB), KI=(2%-1)x(1/VR),
UtoV: V=KOxV 4+ VB, KO =~ 2% xVR.

3.3 Fuzzy Knowledge Base

The fuzzy knowledge base defines the process of the fuzzy con-
trol inference. The knowledge base memory is separated from F200
chip. The memory can be ROM or RAM. F200 supports 256 knowl-
edge bases with one working base selected. Fig.7 shows the orga-
nization of the knowledge base memory, in which,

KBA start addresses of knowledge bases.

MFA start addresses of I/O membership function parame-

ter tables.
RSA start addresses of rule sets corresponding to outputs.
SE sca}e factor table which inch.1des E?cale factor parax}leters, Fig.7 Organization of the
variable types, and connections from outputs to inputs. fuzzy knowledge base
RSD rule set description words.

memory

MF I/O membership function pararneter tables.
RS rule sets.

3.3.1 Rule Set Description Word

Each output or each pair of outputs corresponds to a rule set with the following description
word (16bits).

4 4 1 1 2 2 2
- | NA | NC | MOD | FOP | DEFUZ1 | DEFUZ2

1) NA number of antecedents of a rule, 1~16 for Mamdani model, and 1~8 for TS
model.

2) NC number of consequences of a rule, 1~2 for Mamdani model, and only one for
TS model.

3) MOD fuzzy model.

4) FOP combination of fuzzy operators.

5) DEFUZi defuzzification method of 1~2 outputs for Mamdani model only.
3.3.2 Rule Format of Mamdani Model

For Mamdani model, each rule set consists of several rule groups shown as follows.
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4 4

CLP1 CLP2 “TFRGD
) AlP L . ALP
: : rule
ES ‘ EG _l _ RW rule group
L —

1) RGD rule group description word, 1.e. label pointers of consequences (CLP) of 1~2
outputs.

2) rule it includes antecedents (input pointer, AIP, and label pointer, ALP), rule weight
RW, and end flag of the rule group, EG, and end flag of the rule set, ES.
3.3.3 Rule Format of TS Model

For T'S model, no group is divided in the rule set. Each rule consists of several antecedents
(AIP and ALP) and their corresponding coefficients, P, of consequence as follows.

1 3 8

] R
ES I AIP m One antecedent and its coeflicient

3.4 Memory Addressing

F200 chip integrates two small memories by use of latches. One is the input memory
(IMEM) with 16 words * 29 bits for storing input variables and their fuzzy values. Another is
the output memory (OMEM) with 16 words * 16 bits for storing output variable and working
cells. CPU can access the part of IMEM/OMEM, i.e. 1/0 variables, through the host interface.
Furthermore, the chip has two ports to communicate with the host. The port 0 is used as the

command /status register, and the port 1 is the data register. Therefore, CPU accesses the
memory of F200 chip by a 6 bits address as follows.

Byte Address Contents
00 ~ 1F - input variables (16 words * 2 bytes)
20 ~ 2F output variables (8 words * 2 bytes)
30 port O
31 port 2

3.5 Command and Status Word
F'200 chip is a coprocessor. CPU accesses F200 by a set of commands.

1) RST Reset Chip, 2) SKB  Select Knowledge Base,

3) SSFI Start Single Fuzzy Inference, 4) SMFI Start Multiple Fuzzy Inference,

5) PTT Put Input, 6) GTO Get Output,

7) WKB Write Knowledge Base, 8) RKB Read Knowledge Base,

9) TEST Testing, 10) HAIOM Host Access I/O Memory (implicit
command).

where, WKB/RKB is used for CPU to down/up load the knowledge base memory, TES'T 1s

designed for chip testing. Furthermore, F200 chip has two status words for communication
between CPU and F200.

3.6 Operation Mode

The main functions of F200 chip are the fuzzy inference and knowledge base management.
The typical fuzzy control process is shown as follows.

1) Each set of sample data is preprocessed by CPU, then put it into F200 chip.
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2) Start the fuzzy inference. First, all input data are fuzzified, then perform single or
multiple output inferences and defuzzification one by one.

3) CPU gets the inference result from F200 chip.

F'200 chip has two operation modes.

i) Command Mode. CPU accesses F200 chip through two ports only. All functions of the
chip are performed by commands.

ii) Shared Memory Mode. In Section 3.4, all accessible addresses of F200 chip can be also
seen as the CPU memory. That is so called the shared memory. In this mode, CPU accesses
the F200 chip through all accessible addresses. For example, write/read I/O variables directly

by the implicit command HAIOM, and call fuzzy inference engine by three commands, SKB,
SSFI, SMFI, only. This mode may simplify the call for the F200 chip.

4 Chip Design
F200 was designed in a CMOS semi-custom style with Cadence. After schematic design
entry and logic simulation, the test vectors for

F200 were extracted from the simulation result
and the netlist was transferred for automatic Table 1 The main design features
placement and routing. The standard cell library

- ) Process Huajing 0.8 um CMOS
for 0.8 pm process of the Huajing Corporation Transistors 65,000
in Wuxi was generated using the scalable CMOS Die size 79 mm x 7.2 mm
cell-based design technology of the Microelectron- Package PLCCS84
ics R&D Center, CAS. Therefore, the chip can be Signal pins AT
easily upgraded to 0.6 ym or 0.35 pm CMOS pro- Clock 20 MHz
cess. The main design features of F200 are given Power supply 5V
as 1n Table 1.

5 Conclusion

There are different techniques for the implementation of the fuzzy logic control, such
as standard microcontrollers, general-purpose processor with specialized instructions for fuzzy
tasks, dedicated fuzzy coprocessors, and dedicated fuzzy ASICI1. These approaches provide
different degree of flexibility, speed and complexity. Basically, the first two approaches fall in
the software implementation of FLC, which is simple and flexible, but slow speed. For the
high-speed and complex systems, the hardware implementation will certainly be needed.

In this paper, we proposed the fuzzy inference coprocessor F200. It is a general-purpose
fuzzy chip with powerful functionality. It can be used for construct fuzzy rule based systems,
especially in fuzzy logic controllers. F200 supports multiple fuzzy knowledge bases and hierar-
chy control structure that one can construct more complex systems. The chip supports both
Mamdani and TS models. As we know that it was the first time to implement the Takagi-
Sugeno model on a fuzzy chip. F200 has multiple types of fuzzy rules, membership functions
and fuzzy inferences. In addition, the input/output scale factors are also integrated on chip.
It will be convenient to design controllers. F200 has the precision of 12 bits and its inference
speed is 1.2 M fuzzy rules per second with 20 MHz frequency. Furthermore, the fuzzy chip
can be used as a core and integrated with standard CPU, memories, etc., to realize the more
powerful fuzzy system on a chip.

For the applications of F'200, the corresponding fuzzy system development environment is
needed. We have implemented a fuzzy control development system FDS2 on PC windows. It is
an 1ntegrated development environment with the friendly user interface. Its function includes

the membership function and fuzzy rule edit, fuzzy control system construction and simulation,
design compilation to F200 object knowledge base, etc.
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