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Abstract 

In this paper, a novel tool for modelling  Fuzzy Logic 
Systems (FLSs) is discussed. The tool facilitates the 
description of an FLS described in terms of fuzzy variables 
and a rule base and translates it into synthesisable Very 
high speed integrated circuit Hardware Description 
Language (VHDL) code for real-time implementation. The 
FLS is described using a Graphic User Interface (GUI) 
wizard. By answering a number of questions in the wizard 
window, all the specifications about the FLS to be 
designed are accounted for. The process is demonstrated 
using fuzzy edge extraction.  
 

1. Introduction 

In this technological era, we have seen a significant rise 
in the development of electronic equipment using fuzzy 
logic control and processing methodologies. As a result of 
its adaptability to complex problems, the interest in FLSs 
has grown rapidly. 

During recent years fuzzy logic methodologies also 
proved valuable for image processing applications. FLSs 
allow for the efficient modelling of complex and non-linear 
systems. Traditional control methodologies rely on the 
derivation of a mathematical transfer function. In contrast 
FLSs uses simple ways to draw conclusions from unclear, 
imprecise or ambiguous information. Hindmon[1] showed 
that a fuzzy logic control methodology has definite 
advantages over traditional Proportional Integral 
Derivative (PID) strategies. There have been huge 
demands for the hardware implementation of FLSs and 
their application in commercial products, industrial 
equipment and military intelligence operations.  

Field Programmable Logic Arrays (FPGAs) are 
excellent for quick prototyping compared to general 
purpose microcontrollers and specialised Application 
Specific Integrated Circuits (ASICs) which are expensive 
to produce and costly to design. Fuzzy controllers are 
traditionally implemented on microprocessors[2]. Hollstein 

et al.[3] Galán et al. [4] and Zamfirescu and Ussery [5] showed 
that the realisation of FLSs using VHDL is possible. 
“Nevertheless, the construction of FLS is a hard task 
involving a lot of correlated parameters, which are often 
submitted to several constraints to satisfy linguistic 
criteria”[6]. 

In this work, a CAD tool was developed to facilitate the 
design and hardware implementation of an FLS on FPGA. 
The choice of this tool provides fast modelling, 
prototyping and a simple mechanism to change the design 
parameters on the FPGA. Therefore, the gap between the 
high level specification of an FLS and the VHDL 
representation required by FPGA synthesis tools, is 
bridged. The applicability of the CAD tool is analyzed on 
an edge detection test-bench. 

This paper is organized as follows. In Section 2, a 
general overview of FLS is briefly discussed. Section 3 
describes a method for modelling FLS. Details of the CAD 
tool architecture are given in Section 4. Section 5 
illustrates the use of DAGs to represent FLS. The CAD 
tool is used for fuzzy edge detection in Section 6. Finally, 
concluding remarks are given in Section 7. 

 

2. Fuzzy Logic Overview 

The basics of an FLS are discussed in this section. 
Fuzzy Logic (FL) is based on fuzzy set theory that 
provides a formalism whereby conventional binary logic 
(true or false) is replaced with an alternative of continuum 
possibilities that allows intermediate values to be defined 
between conventional extremes not just yes or no, hot or 
cold, on or off. Notions like maybe or rather hot can be 
formulated mathematically and processed by a computer. 
FL has emerged as a valuable tool in image processing, 
signal processing and control processing fields because of 
its ability to handle complex problems. FLS is made up of 
four basic components: a) The fuzzifier maps crisp values 
into input fuzzy sets. b) The rule-base describes how the 
FLS should react on certain conditions. c) The inference 
engine maps input fuzzy sets into output fuzzy sets by 



applying rules. d) The defuzzifier maps the resulting output 
fuzzy sets from the inference engine onto output crisp 
values. A typical block diagram of an FLS is shown in 
Figure 1. 
 

 
Figure 1: Fuzzy Logic System block diagram 

2.1 Pre-Processing 

A pre-processor conditions the measured inputs before 
they enter the controller and maps crisp inputs into a 
standard universe. Examples of pre-processing include: 
Analogue to digital conversion; Quantization (rounding off 
to integers); Normalization or rounding to a particular 
standard range (mapping to a particular universe); and 
Filtering [7]. 

2.2 Fuzzification 

Fuzzification converts each crisp input datum into a 
degree of membership to one or several membership 
functions. Input data are matched with the conditions of the 
rules to determine how well the condition of each rule 
matches that particular input instance[7]. So in short,  crisp 
values are converted into fuzzy values. 

2.3 Rule Base and Inference Engine 

An inference engine translates the nonlinear input 
vector into a scalar output using fuzzy rules. According to 
Gopal[8], fuzzy logic provides an inference morphology 
that enables approximate human reasoning capabilities to 
be applied to knowledge-based systems. Normally it 
contains rules in linguistic format (if-then), but other 
formats (relational and tabular) can also be used. 

The inference engine uses connectives to relate rules to 
each other and to connect conditions to conclusions. The 
connectives that are normally used are the min operator 
that can be implemented using a logical and operation, and 
the max operator that can be implemented using the logical 
or operation. 

The fuzzy inference engine uses membership functions 
to represent the input and output conditions. Membership 
functions maps fuzzy set elements to real numbered values 
between 0 and 1, with 0 and 1 included, i.e. ( ) [0,1]xAµ ∈ . 

All the elements that have a non-zero grade of membership 

are called the support of the fuzzy set[7]. These membership 
functions are the ones to be mapped using the fuzzy rules. 
Different types of mathematical equations can be used to 
represent or construct membership functions. There are 
various membership function types. Some of the 
membership function types to choose from are s-functions, 
p-functions, z-functions, triangular functions, trapezoidal 
functions, flat-p, and rectangular and singletons, just to 
mention a few. 

2.4 Defuzzification 

Defuzzification is a process of changing the fuzzy 
control signal that comes from the inference engine into a 
crisp output that can be used to control the system at hand. 
There are several types of defuzzification including Center 
of Gravity (COG), Bisector of Area (BOA), and Mean of 
Maxima (MOM). 

2.5 Post-Processing 

Post-processing is used to scale the output of the FLS. 
The output from the FLS is defined on a standard universe 
that should be scaled or translated to engineering units 
(such as volts, amperes, etc.). 

3. Modelling FLSs 

Fuzzy modelling is a task of identifying the 
characteristics of a fuzzy inference system so that a desired 
behaviour is achieved. One should bear in mind that the 
fuzzy-modelling process has to deal with important trade-
offs between the accuracy and the interpretability of the 
model due to the linguistic and numeric requirements[9]. 
This task becomes difficult when the available knowledge 
is limited and incomplete or when the problem domain is 
very large. The other major problem in modelling FLSs is 
known as the curse of dimensionality, meaning that the 
computation and surface requirements grows exponentially 
with the number of input and output variables. 

FLSs should be described linguistically based on the 
designers’ a priori knowledge. Sometimes modelling an 
FLS is more of an art of intuition and experience rather 
than precise theory. The proposed CAD tool facilitates the 
task of modelling an FLS by following the guidelines given 
by Gopal[8] as follows: 

• Determining the number of FLS variables (input 
and output), 

• Determining the universe of discourse for each 
variable, 

• Assigning membership functions to each variable, 
• Creating a rule base, and 
• Choosing the defuzzification method. 



4. FLSD Architecture 

The proposed CAD tool uses a GUI wizard to simplify 
the task of FLS description. The approach is based on 
simplifying the design environment, so that a designer can 
spend time tuning the FLS parameters for better surface 
performance, rather than learning the design environment. 

 
Figure 2: Top level structure of the proposed software tool 

 
The proposed software tool consists of a GUI-based 

design wizard and a translator. The purpose of the GUI 
design wizard is to aid the user through the FLS properties 
description stage. The translator is used to translate the 
high-level FLS into synthesizable VHDL code. 

The software tool was developed with a software 
environment that allows ease of portability to any PC based 
Operating System (OS). Due to its ability to be easily 
ported to any popular OS (Windows™, Linux®, and Mac 
OS X™), Qt 3, an Integrated Development Environment 
(IDE) developed by Trolltech™ was chosen for the 
development of the GUI. The software tool has a GUI that 
works as an interface between the user and the tool itself. 
This GUI enables the user to launch the design wizard 
GUI, launch the translator, save designs, and open existing 
designs for editing.  

The translator module of the software tool consists of 
two components, namely: 

• the Intermediate Code Generator (ICG).  
• the VHDL code generation engine.  
 
A useful notion for describing translators is by using  

T-diagrams[10].  
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Figure 3: FLS design flow 

Figure 3 illustrates the stages of translating the FLS 
from a high-level description to VHDL code. Figure 3 uses 
either one of two input methods. The first input method 
employs the design wizard whereby the user will specify 
all the FLS variables. The second method uses a previously 
saved FLS description file which will be fed to a 
scanner/parser to detect the FLS structure inherent in the 
file. Both methods generate an object tree that contains the 
basic structure inherent to the FLS description. The object 
tree uses a methodology that is applied in compiler 
construction theory, where instead of generating a parsing 
tree and a symbol table, objects are created in memory to 
represent the structure inherent to the current FLS design. 

SynDEx-IC is a CAD tool for the design of non-
programmable components such as ASICs or FPGAs for 
which the application algorithm to be implemented, can be 
specified using Directed Acyclic Graphs (DAG) and then 
generate equivalent synthesizable VHDL code that can 
satisfy real-time and surface constraints for a particular 
application[11]. It was developed in collaboration between 
two French institutes, Institut National de Recherche en 
Informatique et en Automatique (INRIA) and the 
Algorithmique et Architecture des Systèmes Informatiques 
(A2SI) at Écoles Supérieure d’Ingénieurs en Électronique 
et Électrotechnique (ESIEE). It employs the Algorithm-
Architecture Adequation (AAA) methodology to find the 
best match between an algorithmic specification and its 
corresponding architecture. AAA methodology is based on 
graph models to exploit both the potential of parallelism of 
the algorithm and the available parallelism of the multi-
component system. 

Heuristics taking into account execution time durations 
of computations and inter-component communication are 
used to optimize real-time performance and resource 
allocation of embedded real-time applications. SynDEx-IC 
employs heuristics to unroll loops, evaluate performance 
(critical time, resources consumption), and perform graph 
transformations to obtain a data path graph and a control 
path graph which are used to obtain synthesisable VHDL 
code. 

The object tree is used as an input to the Intermediate 
Code Generator (ICG) which will generate intermediate 
code. The intermediate code is used for interfacing with 
SynDEx-IC. Intermediate Code are files generated by the 
software to enable interfacing with SynDEx-IC. SynDEx-
IC is a separate tool that is used to translate the outputs of 
the FLSs design wizard to VHDL code because of its 
ability to generate VHDL code that can satisfy real-time 
and surface constraints of an application.  

FLSs are floating-point systems and FPGAs are 
inherently suited for fixed-point implementations. This 
poses a problem because of the hardware requirements to 
implement floating-point systems on FPGAs. Hence, there 
is a need for format conversion. The membership functions 
ranging from 0 to 1 are quantized by a number of bits 



selected by the user through the GUI wizard, therefore 
allowing the system designer to have control over the 
trade-off between precision and surface requirements of the 
design. 

5. FLS Algorithm with DAG 

In Section 2 the general structure of an FLS was shown 
and the operation/function of all the building blocks 
discussed. In this section an FLS is presented using a DAG 
and similarities between the FLS representation using 
DAGs and the general structure of the FLS is highlighted. 
Figure 1 is a simplified FLS structure diagram and Figure 4 
is a diagram of an FLS represented using a DFG: 
 

 
Figure 4: FLS Top DFG 

 
An example of a two inputs and one output FLS 

representation using a DAG in SynDEx-IC is demonstrated 
in Figures 4 and 5. In Figure 4, the vertex labelled flcRef, is 
a hierarchal representation of the functions to be performed 
by the FLS and the vertex labelled angle_div, is the final 
division operation performed by the defuzzifiers. To clarify 
the composition of Figure 5 and its relation to Figure 1, we 
have to analyse the two figures block by block. Section 5.1 
will elaborate on the similarities.  
 

 
Figure 5: FLS Sub-graph DFG 

5.1 Detailed Design of an FLS Algorithm with DFG 

5.1.1 Fuzzification 

 
Figure 6: Fuzzification Operation 

 
Fuzzification is performed as a first step in an FLS 

process. In our DAG FLS example, fuzzification is 
represented by the operations which are circled in Figure 6. 
Each fuzzification operation accepts one input and it 
produces outputs depending on the number of the MFs for 
that variable. Every operation corresponds to an RTL 
module. SynDEx-IC will generate the library and interface 
declarations, but the behaviour of a certain operation 
should be defined by the user through the macro files. 

5.1.2 Inference Engine and Rule Base 

 
Figure 7: Inference Engine and Rule Base Operations 
 
As can be seen in Figure 1, the inference engine and 

rule base are closely associated, therefore, for their DAG 
implementation they can be joined together to minimize 
signal propagation delays. Inputs can be inferred and rules 
applied in a single clock cycle.  



5.1.3 Defuzzification 

 
Figure 8: Defuzzification Operation 

 
Defuzzification is the last step in the FLS as can be 

seen in both Figures 1 and 8. In Figure 8 there are three 
operations that don’t exist in the FLS block diagram in 
Figure 1. These operations are labelled “counter”, 
“stage1”, and “stage2”. Counter is used for the generation 
of the universe of discourse and “stage1” and “stage2” are 
used for synchronisation. SynDEx-IC generates clock 
signals for all components that needs synchronisation 
which means that data will be latched from one node to 
another only after a clock signal is received. There is 
therefore a need for synchronisation between the counter 
and the defuzzifier nodes. Synchronisation is achieved 
through delaying the data from the counter twice to ensure 
that the data from the counter and the fuzzifiers arrive at 
the same time.  

6. Test Bench and Results 

To ensure the proper functionality of the generated 
VHDL code and the RTL architecture, a VHDL Register 
Transfer Level (RTL) simulation and an image processing 
benchmark were conducted. FLSs have been applied to 
image filtering, classification, and edge detection[12 - 15]. To 
illustrate the effectiveness of the proposed tool, the fuzzy 
edge extraction algorithm proposed by Miosso and 
Bauchspiess[15] was implemented. A simulation test-bench 
was conducted to evaluate if the generated VHDL code 
yielded the expected results. The final result was compared 
to the Sobel and Canny edge detectors. 

The generated VHDL code was tested using the 
Xilinx™ recommended simulation flow to ensure proper 
functionality. Figure 9 is a depiction of the recommended 
simulation flow, where the Input Stimulus are the stimulus 
from a test bench file, the Unit Under Test is the module 
that is currently being tested (FLS in this case) and the test 
result will be compared with that of GNU Image 
Manipulation Package (GIMP) to determine the results of 
the test. The Mentor Graphics™ Modelsim™ simulator 
was used to perform the simulations. Simulation scripts 

were written to automate the simulation process using 
behavioural VHDL test benches.  

The FLS system was tested with different images, and 
its performance compared to that of the Sobel and Canny 
operators. Some resulting images are shown in Figure 10 
where (a) is the input image, (b) is the FLS edge detected 
image, (c) is the Sobel edge detected, and (d) is the Canny 
edge detected image. 

The result, presented in Figure 10, show the robustness 
of the architecture produced by the FLS design wizard. The 
FLS design wizard can be used not only for control 
systems applications, but for all applications where there is 
a need to implement fuzzy logic in hardware. 
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Figure 9: Simulation flow 
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Figure 10: 640x480 bit/pixel grey scale image of columns 

(a) original, (b) FLS, (c) Sobel, and (d) Canny edge 
detectors 



The FLS edge detector used to test the code generated 
by the FLSD has surface requirements shown in Table 1. 
The FLS edge detector can process 232987 pixels per 

second running at 60.577MHz using a Xilinx Virtex4 
xc4vfx12-12sf363 FPGA. 
 

 

 
Table 1: FLS edge detector surface requirements 

7. Conclusions 

The hardware realization time of an FLS can be 
reduced by the use of a CAD environment that speeds up  
the process of modelling, simulation, synthesis and 
verification of  FLSs. The proposed CAD tool can generate 
synthesizable VHDL code that can be used on generic 
FPGAs. The FLS description process is achieved through 
the aid of a design wizard. To showcase its viability, the 
CAD tool was applied to an image edge detection problem 
and very desirable results were obtained. 
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