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Abstract i

Abstract

In the past couple of years, there have been increasing interests in the integration
of neural networks and fuzzy logic, aiming at deriving intelligent systems that combine
their corresponding strengths and eliminate their individual weaknesses. The resulted
hybrid systems correspond to one of the most active and fruitful research area, i.e.,
fuzzy neural network (FNN). Most of the existing FNN models have been proposed to
implement different types of single-stage fuzzy reasoning mechanisms where the
consequence of a rule can not be used as a fact to another rule. It is well known that
single-stage fuzzy reasoning suffers from the dimensionality problem indicating that the
number of rules increases exponentially with the number of inputs. Moreover, human
beings usually take use of more sophisticated reasoning mechanisms when handling
complex decision making problems. Compared with the fruitful developments of
single-stage FNN models, the integration of neural networks with high-level reasoning
strategies has never been systematically studied.

FNN modeling based on multistage fuzzy reasoning (MSFR), where the
consequence of a rule is passed to another rule as a fact. is pursued in this dissertation.
It has been pointed out in the literature that MSFR is essential to effectively build up a
large-scale system with a high degree of intelligence. We propose to incorporate MSFR
into FNN construction and study three basic multistage fuzzy neural network (MSFNN)
architectures, namely, incremental, aggregated and cascaded architectures. Three
MSFNN models, namely, incremental FNN (IFNN), aggregated FNN (AFNN), and
cascaded FNN (CFNN) have been designed.

The resulted new models implement comprehensive fuzzy inference and
correspond to three typical ways of reasoning carried out by human beings. IFNN is to

reason incrementally by considering some important factors (input variables) first,
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making an approximate decision (intermediate variable), and then fine tuning it by
considering more factors until a final decision (output variable) is made. AFNN is to
reason in a mixture-of-expert manner, i.e., first considering some sets of
correlated/coupled factors independently and then combining the decisions to form a
more judicious one. CFNN corresponds to human being’s syllogistic fuzzy inference
and chain of reasoning mechanisms.

The incremental and aggregated architectures can address the dimensionality
problem fundamentally by assigning inputs in hierarchical manners. However, it is not
trivial to determine an optimal or sub-optimal incremental (aggregated) architecture
when there is no a priori knowledge available (which is usually the case in most of the
practical applications). The existing input selection methodologies, e.g., genetic
algorithms, heuristic searching and complete/exhaustive searching strategies, are all
computation prohibitive when they are applied to solving a high-dimensional problem.
We have particularly addressed this problem of distributing input variables to different
reasoning stages for [FNN and AFNN. In this regard, we propose two fast and
systematic input selection approaches to determine appropriate incremental and
aggregated architectures, respectively. The proposed approaches are distinctive by the
properties that no a priori expert knowledge is required and the computation complexity
is greatly simplified compared with the other existing input selection methods.

Specifically, the incremental architecture is determined by distributing inputs
among the first, intermediate and final reasoning stages according to their individual
importance degrees (contributions) to the output. For the aggregated one, inputs are
only allowed to pass to the first reasoning stage consisting of a number of independent
sub-stages. The inputs of each sub-stage are selected by analyzing the coupling
magnitudes among them. The outputs from the first stage form the inputs to the

successive stage and such an arrangement can be extended for more stages. The last
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type of MSFNN architecture, i.e., cascaded one, exempts from input selection since it
has all the inputs being fed to the first reasoning stage whose inference results, the
intermediate ones, are then fed to the subsequent stages in a stage-by-stage manner.
Those three MSFNN models are not simple extensions of conventional single-stage
FNN’s but implementing comprehensive MSFR in more flexible-connected neural
network architectures on a higher level.

Hybrid learning algorithms have been developed to extract corresponding MSFR
rule sets from stipulated data pairs. Mamdani and TSK fuzzy reasoning mechanisms are
adopted in [IFNN and AFNN for their popularity. In Mamdani type IFNN and AFNN, a
rough fuzzy rule set is firstly derived using competitive learning and the system
parameters are then fine-tuned by back-propagation. The consequent and premise
parameters of TSK type IFNN and AFNN models are trained by LSE and back-
propagation, respectively. CFNN only implements Mamdani fuzzy reasoning. Its
learning algorithm is also a hybrid one containing genetic algorithm and back-
propagation.

Several benchmarking problems have been simulated in this dissertation. The
simulations show that [IFNN and AFNN models are superior to their single-stage
counterparts in used resources (e.g., fuzzy rules, fuzzy terms, fuzzy operations, etc.),
convergence speed, robustness and generalization ability. Besides implementing
comprehensive Mamdani syllogistic fuzzy reasoning, CFNN is distinctive by its
learning abilities and robustness, particularly when the number of inputs is not large.
Those three MSFNN models are not exclusive to each other and the hybridization of

them are discussed in the dissertation.
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Chapter 1

Introduction

1.1 Background of the Research

The real world is complex and such kind of complexity generally arises from
uncertain and imprecise information in the form of ambiguity. Problems featuring
uncertainty and imprecision can be subconsciously addressed by human beings [67].
These problems, however, are very difficult to be dealt with by conventional theoretical
or engineering methods [112]. Motivated by Zadeh’s seminar papers on the
linguistic/fuzzy approach to complex system analysis [119-123], such real world
problems have been successfully addressed and the constructed fuzzy systems or so-
called fuzzy inference systems (FIS) have found a variety of applications in control [22,
68-69, 93], system identification [94], fault [124] and medical diagnosis [123],
economics [80], pattern recognition [1, 54, 87] and expert systems [55], etc.

FIS is a structured model-free estimator and dynamic system [74]. It starts from
highly formalized insights about the structure of the real world problems and articulates
the corresponding system by fuzzy IF-THEN rules. In the early stage of FIS
developments, the fuzzy IF-THEN rules have to be obtained from domain experts.

Hence, the construction processes or the systems generated suffer from several major
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problems 59, 111-113]:

¢  Sometimes the expert knowledge is unavailable or difficult to be obtained for a
complex problem [111]. Furthermore, different experts may have different
insights on the same problem. So the system is subjective rather than objective.

¢  The systems are generated in an ad hoc manner and thus can not provide a

common framework for system modeling [112].
¢  Besides the linguistic information provided by experts, the numerical information

is also an important part obtained from real world problems. It may be the total

information source that can be measured in some specific fields, such as control,

system identification and signal processing [59].

In view of the above drawbacks of early FIS, many researchers have carried out
comprehensive studies on integrating fuzzy logic with some other machine intelligence
methodologies. For example, a fuzzy controller was proposed in [71] by integrating
fuzzy logic with genetic algorithm (GA). In [9, 36, 103], fuzzy logic was integrated
with artificial neural networks [38] and the resulted hybrid systems correspond to one
of the most active and fruitful area of research in recent years, i.e., fuzzy neural nerwork
(FNN), or sometimes called as fuzzy-neuro systems.

Works on artificial neural networks [38, 42], commonly referred to as “neural
networks”, have been motivated by the fact that the human brain computes in an
entirely different way from the conventional digital computers and its performance in
certain important tasks like recognition is still far from being comparable by the
machines. Neural network (NN), in its general form, is a machine that is designed to
model the way in which the brain performs a particular task or function of interests.
Neural network is also known as a trainable model-free estimator and dynamic system

with a highly interconnected structure [60, 74] and has been successfully applied to
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image and speech recognition [12], automatic control [102] and knowledge acquisition
[99]. Neural network, however, has a well-known drawback, i.c., being a black box
[110]. The captured knowledge is coded in its network architecture and the associated
weight values, which may not be easily understood.

In view of the respective strength and weakness of FIS and NN, there have been
many attempts to synthesize FNN models, aiming at deriving a sophisticated intelligent
system model that combines their strengths and eliminates their individual weaknesses
in different problem domains [2, 15, 41, 59, 62, 64-65, 87-90]. According to their
integration methodologies, two major categories of FNN’s can be identified. One is
based on the fuzzification of conventional NN models such as [11, 17, 87] and the other
is based on the implementation of conventional FIS using NN [50, 72-74, 88-89, 111].

Kosko’s fuzzy associative memory (FAM) [64] is perhaps one of the earliest FNN
model of the first category. It takes use of a two-layer hetero-associative feedforward
network structure [63] to learn/ store fuzzy rule patterns into its weight matrix using
correlation-minimum or correlation-product encoding method. In [17], competitive
learning algorithm was fuzzified so that it can deal with fuzzy signals. A popular NN
model, multilayer perceptron (MLP), was integrated with fuzzy set concepts and
successful application in pattern recognition was reported [87]. The fuzzification of
another well-known NN model, Adaptive Resonance Theory (ART), has been presented
in [11-12]. Another fuzzy ART model can also be found in [72]. All of them fall into
the first category of FNN’s.

The latter category considers NN as a learnable, parallel and distributed
processing platform for the implementation of different fuzzy reasoning’/inference

mechanisms.  Fuzzy inference can be used to learn and extrapolate complex

* Fuzzy reasoning and fuzzy inference will be used interchangeably in the dissertation
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relationships between possibility distributions for the premise and consequent parts in
the rules. The non-adaptive behavior of original FIS can be significantly improved by
using NN. The combination of fuzzy logic and NN can lead to the development of new
algorithms and structures that provide adaptive behavior while maintaining the strong
knowledge representation characteristic of FIS. Specifically, there have been some
typical approaches to the NN realization of fuzzy inference:

¢ Fuzzy Inference Networks: A structured feedforward neural network proposed by

Keller et al. [57] for fuzzy inference.

¢  Neural Network Driven Fuzzy Reasoning:

* Mamdani Type Fuzzy Reasoning [79] Based: Lee [70] proposed an inference
method by which the activity of each fuzzy inference rule is determined by the
self-organization by introducing two neurons therein. In [73-74)], Lin and Lee
proposed a FNN model to implement Mamdani fuzzy reasoning mechanism
using a layered feed-forward neural network architecture like the MLP. Its
reinforcement learning version has recently been proposed in [75].

* TSK Type Fuzzy Reasoning [104] Based: Takagi and Hayashi [105] proposed
a NN driven fuzzy reasoning strategy by which a membership function of
approximate reasoning can be formed by a feed-forward NN. Another well-
known FNN model, Adaptive-Network-based Fuzzy Inference System
(ANFIS), was developed by Jang [50] to implement TSK fuzzy reasoning
mechanism using also a layered feed-forward NN architecture.

¢  Neural Network Based Fuzzy Modeling:
* Rule-Based Neural Fuzzy Modeling: Horikawa [43] proposed a fuzzy

modeling method using neural fuzzy models with back-propagation learning.
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* Neural Fuzzy Regression Models: Ishibuchi and Tanaka [47] developed a
fuzzy regression analysis method using NN.
* Neural Fuzzy Relational Systems: Pedrycz [88] realized solving fuzzy relation
equations through NN.
Most of the above models can learn an appropriate fuzzy rule set through training
with stipulated data pairs and adjusting the system parameters by adopting the learning
algorithms which have been successfully applied in NN domain, e.g., back-propagation

[96), least square estimate (LSE) [83] and competitive learning algorithm [95], etc.

1.2 Motivation of the Research and Related Works

The above-mentioned FNN models may be quite different with each other in
network structures and learning algorithms. However, they have the same characteristic
in fuzzy reasoning process that all of them use single-stage fuzzy reasoning mechanism.
i.e., no consequent part of a rule will be used as a fact to another rule. In the rest of this
dissertation, such kind of FNN models is referred to as single-stage FNN models.
Single-stage fuzzy reasoning is the most fundamental reasoning mechanism among
human being’s various types of reasoning strategies [35]. Human beings, however,
usually take use of more sophisticated reasoning mechanisms rather than the single-
stage ones when they encounter complicated decision making problems. As a result, it
becomes very attractive to construct new FNN models by integrating sophisticated high-
level fuzzy reasoning methodologies and flexibly connected NN architectures.

In fact, some researchers have considered the limitations of single-stage FNN
models and carried out works on developing new structures and algorithms for their
FNN models. For example, one major problem suffered by single-stage fuzzy reasoning

is the dimensionality problem, which was first introduced by Bellman [4]. That is, the



Chapter I: Introduction 6

total number of fuzzy rules/parameters increases exponentially with the number of
inputs. The dimensionality problem is critical to the success of single-stage FNN's in
dealing with high-dimensional problems and there have been increasing attempts to
address it through different ways. Some of them use different methodologies to delete
those useless fuzzy rules in order to reduce the total number of fuzzy rules [73, 75].
Such approaches can only alleviate the dimensionality problem to a certain extent
because single-stage fuzzy reasoning mechanism is still being followed. Another
methodology is to ignore some unimportant inputs in order to reduce the dimension
number [51]. This approach, however, destroys the completeness of the original system
because even less important inputs play a role.

It has been pointed out that the dimensionality problem could be addressed
fundamentally by adopting hierarchical structures. In [92], an adaptive hierarchical
fuzzy controller has been proposed for feedwater flow control to a steam generator. The
whole system is divided into several levels (stages) and each level corresponds to an
individual fuzzy control (reasoning) stage. The final output is the weighted summation
of all levels (stages). The system architecture and fuzzy rules are fixed beforehand by
the experts. Another study of hierarchical fuzzy rule-based systems has been reported
in [13]. This work concentrates on simplifying the computational complexity of fuzzy
reasoning methods in different stages and pre-computation mechanisms have been
introduced. In addition, a class of hierarchically distributed fuzzy control systems has
been proposed in [32].

On the other hand, it is not easy to determine an appropriate, if not optimal,
hierarchical FNN or FIS structure given a set of high dimensional training data. In (5,
8], a high-dimensional fuzzy system was decomposed into several additive or

multiplicative low dimensional fuzzy systems based on Analysis Of Variance
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(ANOVA) decomposition or Breiman’s [1 method. An iterative searching algorithm,
Adaptive Spline Modeling of Observed Data (ASMOD) [56], was also reported [5].
Priori expert knowledge has been used to simplify the searching complexity. If such
kind of knowledge is unavailable, ASMOD has to search for all possible additive or
multiplicative possibilities of architectures and the optimal one having the least
prediction error was selected as the final architecture.

In [44-45), a decomposition approach called NetFAN has been presented. A
single-stage fuzzy system was decomposed into several sub-systems based on the
background knowledge of the problem. It also means that its system structure can not
be determined if such kind of knowledge is not available. Another hierarchical fuzzy
modeling method can be found in [84] and [107] and it is based on the fuzzification of
Group Method of Data Handling (GMDH) [48]. If there is not any priori knowledge
provided, all the above hierarchical modeling methods become complete/exhaustive
searching strategies that are usually computation prohibitive when there are too many
inputs involved. GA is also a commonly used approach to determine an appropriate
hierarchical fuzzy system architecture. For example, In [81], the antecedent structure of
a hierarchical fuzzy system model was determined using GA and cach stage is a single-
stage fuzzy system based on [43]). Unlike the decomposition approaches, GA does not
need any background knowledge. The optimal hierarchical system architecture can be
decided by minimizing a suitable fitness function. GA, however, is also computational
intensive when it is applied to solving a high-dimensional hierarchical modeling
problem.

Yager [117] introduced a hierarchical fuzzy system model termed as Hierarchical
Prioritized Structure (HPS). The case in which the rules are given by an expert was

firstly considered in [116). Detailed considerations were given to the problem of
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completing incomplete priorities using the principle of maximum buoyancy. The tuning
of that hierarchical fuzzy system model has also been addressed [117].

The common characteristic of all these hierarchical fuzzy system models is that
they all contain several reasoning stages (modules) [3]. The inputs are divided into
several subsets and each subset is treated as the input arguments of a certain stage.
Specifically, some of them are based on a fixed fuzzy rule set and the others have

learning abilities to derive hierarchical fuzzy rules from examples.

1.3 Objectives of the Research

In view of the limitations/problems of single-stage FNN models mentioned in the
previous section, the objectives of our research are:
¢ to develop a new class of FNN models based on multistage fuzzy reasoning
(MSFR), and
¢  tocompare it with its single-stage counterparts in various aspects.
We proposed three basic multistage network structures, namely, incremental,
aggregated and cascaded [19, 24]. The incremental and aggregated structures can be
regarded as two particular hierarchical structures that can address the dimensionality
problem fundamentally. By arranging the inputs in hierarchical manners and allowing
the outputs of former stages being the inputs of latter stages, the number of fuzzy rules
would be a linear or nearly linear function of the number of inputs. Specifically, the
incremental structure corresponds to human being’s stage-by-stage reasoning. When a
complex decision making problem is being handled, he/she may only consider some
important factors (inputs) first and derive an imprecise decision which will be fine-
tuned when more factors are considered until the final decision is made. The rationale

behind the aggregated structure is similar to that of the classifier fusion design [58] or
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mixture of experts [49] pursued rigorously in recent years. The last type of multistage
network, i.e., cascaded one, is also a typical hierarchical structure and in our context is
closely related to human’s syllogistic fuzzy reasoning [113, 122] which can be
represented as chain of reasoning mechanism [23, 76-77] in high-level fuzzy systems.
These three basic structures leading to a class of FNN models called multistage fuzzy
neural networks (MSFNN) are not exclusive to each other and hybridization of them
can be constructed to form a more sophisticated MSFNN model.

Our research works have concentrated on three major issues, i.e., devising
effective modeling methodologies, deriving appropriate learning algorithms, and

carrying out analysis of the new FNN models.

1.3.1 Hierarchical Fuzzy Modeling

Hierarchical fuzzy modeling has become more and more attractive due to its
efficiency in large-scale systems. There have been some hierarchical fuzzy modeling
methodologies proposed in the literature. One major issue of our research work is to
propose efficient and yet effective modeling methods for the proposed MSFNN models,
namely, incremental FNN (IFNN), aggregated FNN (AFNN) and cascaded FNN
(CENN). As mentioned in previous section, some of the current methods depend on
expert knowledge on various degrees [5, 8, 44-45]. In real life, however, such kind of
expert knowledge may not be easily obtained. With appropriate modeling methods, it is
expected that the network structure of the new FNN models can be derived (through

learning) from a given training data set without any expert knowledge.
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1.3.2 Development of Multistage Fuzzy Neural Network Learning Algorithms

In view of the fact that it is quite difficult to get multistage fuzzy rules directly
from human experts, another issue of our research is to develop learning algorithms for
MSFNN models so that they can be trained to derive appropriate multistage fuzzy rules
only from stipulated input-output data pairs. As mentioned before, the MSFNN models
contain several reasoning stages (modules) where each of them is a single-stage FNN in
the form of fuzzy rules involved in that particular stage. Right after the connections of
adjacent stages are determined by using hierarchical fuzzy modeling methods, the fuzzy
rules represented as connections between specific network nodes are expected to be
derived in a stage-by-stage manner.

The IFNN and AFNN models are not developed for particular problems. They are
proposed from a general perspective of both structure and learning algorithm. The two
most popular and widely used reasoning mechanisms, i.e., Mamdani and TSK fuzzy
reasoning mechanisms, are implemented in IFNN and AFNN.

Mamdani fuzzy rules are quite close to human being’s reasoning rules in the
linguistic form and they are so called as “pure” fuzzy rules [113]. The IFNN and
AFNN models implementing multistage Mamdani fuzzy inference are expected to learn
multistage “pure” fuzzy rules with explicit physical meanings. On the other hand, they
are expected to achieve high learning accuracy on a given training data set. The
proposed learning algorithm is a hybrid one where in the first learning phase multistage
fuzzy rules based on fixed membership functions are derived and in the second learning
phase those membership function parameters are updated in order to achieve
satisfactory learning accuracy.

Unlike Mamdani fuzzy rules, TSK fuzzy rules [34] contain crisp consequences

represented as linear functional expressions of inputs. The TSK fuzzy rules are a little
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far away from human being’s reasoning rules, but they have been successfully applied
to some specific fields such as fuzzy control [104]. The IFNN and AFNN models
implementing TSK fuzzy inference contains two parts of trainable parameters, i.e.,
linear (consequent) and nonlinear (premise) parameters. To speed up the learning
process, a hybrid learning algorithm is to be developed where in the leamning phase 1 the
consequent parameters can be determined by using LSE and in the second learning
phase the premise parameters can be updated using back-propagation algorithm.

The CFNN is developed to introduce human-like syllogistic fuzzy reasoning into
MSFNN construction, so we only consider the implementation of Mamdani fuzzy
inference in CFNN. Suppose that there is no a expert knowledge available, learning
algorithm is developed in order to decide the syllogistic fuzzy rules and achieve good
learning accuracy based on a set of training data pairs. Since all inputs will appear in
the first stage of CFNN, so it does not need the hierarchical fuzzy modeling process
required by IFNN and AFNN. GA is used to determine syllogistic fuzzy rules and here
after back-propagation algorithm is applied to adjusting the network parameters in order

to enhance its performance.

1.3.3 Analysis of Multistage Fuzzy Neural Network Models

In this dissertation, the comparisons of our proposed MSFNN models with their
individual single-stage counterparts have been analyzed from various aspects.
Numerous benchmark problem simulations have been conducted to experimentally
show the potential advantages of our proposed MSFNN models.
¢  Less usage of system resources: The IFNN and AFNN use less resources than

single-stage ones, e.g., number of fuzzy rules, T-norm and T-conorm operations,

number of fuzzy partitions and number of adjustable parameters, etc.
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¢  Fast convergence speed and better learning ability: IFNN, AFNN and CFNN all
have better learning ability than their single-stage counterparts and show fast
convergence in back-propagation learning.
¢  Good robustness and generalization ability: It is found that the three MSFNN
models are insensitive to the noises and maintain good generalization
characteristic.
These three MSFNN models are not simple extension of conventional single-stage
FNN models but implementing sophisticated fuzzy inference mechanisms in FNN
models on a higher level. They are more close to human being’s real reasoning process
than conventional single-stage FNN models and they are suitable to be used in dealing
with more complicated real world problems. They would find various applications in
fuzzy data mining, fuzzy expert systems and large-scale fuzzy control areas where large

number of system variables, highly complexity and fuzziness exist.

1.4 Organization of the Dissertation

This dissertation contains 6 chapters. In chapter 2, we first review the basic
concepts and background knowledge of single-stage fuzzy inference and single-stage
fuzzy inference systems. Two popular fuzzy inference mechanisms, Mamdani and TSK
fuzzy inference, are overviewed. Corresponding to these two inference mechanisms,
the architectures and learning algorithms of two typical single-stage FNN models, Lin
and Lee’s model and Jang’s ANFIS, are introduced. At the end of chapter 2, the
limitations of the single-stage FNN’s are analyzed.

Chapter 3 concentrates on our proposed IFNN. The model can be based on
Mamdani’s or TSK fuzzy inference and correspondingly two different IFNN models are

developed. A novel input selection method is developed to distribute various inputs into
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different reasoning stages corresponding to an appropriate incremental structure.
Hybrid learning algorithms containing structure and parameter learning phases are also
proposed. Extensive simulations have been done to show the effectiveness of [FNN,

In Chapter 4, AFNN model is presented. As [FNN, an AFNN model can also be
based on Mamdani’s or TSK fuzzy inference and correspondingly two different AFNN
models are developed. The aggregated structures are determined by another efficient
input selection method. The related learning algorithms are developed, too. The
performance of the models can be found through experimental results of numerical
simulations. At the end of Chapter 4, the hybridization of incremental and aggregated
structures is discussed.

CFNN is presented in Chapter 5. The structure and parameter learning
methodologies are developed. In a CFNN model, several reasoning stages are cascaded
and the reasoning mechanism corresponds to human being’s syllogistic fuzzy reasoning.
We show that the CFNN can generate readable syllogistic fuzzy rules even though the
physical meaning of intermediate variables may be unknown. A CFNN model contains
several single-stage FNN modules all including fuzzification, fuzzy inference and
defuzzification units. The defuzzification and fuzzification in intermediate stages can
help to realize more complex interpolative reasoning and are workable to eliminate the
fuzziness explosion. It is experimentally shown that CFNN can perform syllogistic
fuzzy inference using input and final output linguistic variables with less fuzzy terms
(partitions) than the single-stage FNN. Furthermore, it is found that CFNN model has
better robustness than its single-stage counterpart.

Finally, in Chapter 6, conclusions of our research and recommended directions for

further investigations are discussed.
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Chapter 2

Fuzzy Inference and

Fuzzy Neural Networks

2.1 Introduction

As fuzzy sets are extensions of crisp sets, fuzzy logic is an extension of classical
two-valued logic. This extension allows us to do approximate reasoning, i.e., deducing
imprecise (fuzzy) conclusions from a collection of imprecise (fuzzy) premises. In this
chapter, basic concepts of fuzzy logic and three kinds of commonly used inference rules
are firstly introduced. The structure of typical fuzzy inference system is overviewed.
Four major units constructing a fuzzy inference system, namely, fuzzifier, fuzzy rule
base, fuzzy inference engine and defuzzifier are discussed.

There have been many FNN models proposed to implement different kinds of
fuzzy inference mechanisms [50, 62, 73-74, 100, 113]. Mamdani [79] and TSK [104-
105] fuzzy inference mechanisms are the two most commonly used ones among them.
The premise parts as well as the consequent parts of Mamdani fuzzy rules are always
fuzzy [113]. In an TSK fuzzy rule, the premise part is fuzzy but the consequent part is
crisp [50]. Many of the proposed FNN models implemented either of these two fuzzy
inference mechanisms due to their popularity. In this chapter, two FNN models, i.e.,
Lin and Lee’s FNN model {73] and Jang’s ANFIS [50] based on Mamdani and TSK

fuzzy inference respectively, are overviewed in a little more detail since they will be
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used as the modules of our proposed MSFNN models.

Lin and Lee’s model has a 5-layer connectionist neural network structure
integrated with fuzzy logic and the fuzzy rules are represented by the connections
between network nodes in layer 3 and layer 4. Mamdani fuzzy inference is carried out
through the signal propagation in the network. A hybrid learning scheme combining the
unsupervised competitive learning and back-propagation algorithms together was
proposed. The fuzzy rule set is firstly determined by competitive learning phase and
then the membership function parameters of system variables are finely tuned by back-
propagation algorithm.

Jang’s ANFIS is also of a layered network structure, but it is quite different with
Lin and Lee’s model in the fact that it does not need defuzzification process at all. The
hybrid leamning scheme also contains two steps, i.e., LSE learning scheme where those
parameters whose linear combinations contribute to the system output are obtained and
back-propagation learning scheme where the other parameters are gradually updated.
ANFIS has yielded remarkable results in nonlinear function approximation, time series

prediction as compared with some classical neural network models [50].

2.2 Typical Fuzzy Inference System

In a typical fuzzy inference system, each input and output of the system are
represented as a linguistic variable and a linguistic variable is characterized by a
quintuple (x, T(x), U, G, M) in which x is the name of the variable; T(x) is the set of
fuzzy terms of x, i.e., the set of names of linguistic values of x with each value being a
fuzzy variable defined on U; G is a syntactic rule for generating the names of values of

x; and M is a semantic rule for associating each value of x with its meaning. The size

(or cardinality) of a term set |{T(x)| is called the fuzzy partition of x. For example, if



Chapter 2: Fuzzv Inference and Fuzzv Neural Networks 16

speed is interpreted as a linguistic variable with U=[0, 200], then x ="speed," and its
term set 7(speed) could be {Slow, Moderate, Fast}. Here the fuzzy partition of the
linguistic variable x is 3. A fuzzy set A in a universe of discourse U is characterized
by a membership function p ,(x) taking values in the interval [0, 1].

There are several deductive rules proposed to do approximate reasoning with
imprecise propositions using fuzzy logic. So called generalized modus ponens,
generalized modus tollens and generalized hypothetical syllogism are introduced below
[113].

»  Generalized Modus Ponens (GMP):

Premisel:xis A’
Premise 2:IF x is A, THEN y is B

Conclusion :y is B

where 4. B, 4',and B’ are fuzzy sets. GMP states that given two fuzzy propositions
“xis A"”and “IF x is A, THEN y is B”, a new fuzzy proposition should be inferred as
“yis B’'” so that the closer A’ to A, the closer B’ to B.

»  Generalized Modus Tollens (GMT):

Premisel:yis B’
Premise 2:IF xis A, THEN y is B

Conclusion: x is A’

GMT implements an inverse approximate reasoning [27] where GMP implements a
forward approximate reasoning. GMT states that given two fuzzy propositions
“yis B’ and “IF xis A, THEN yis B”, a new fuzzy proposition should be inferred as

“xis A"” so that the closer B’ to B, the closer A’ to A .
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»  Generalized Hypothetical Syllogism (GHS):

Premisel:xis A’
Premise 2:IF xis A, THEN yis B
Premise 3:IF yis B, THEN zis C

Conclusion:zis C’

GHS implements the approximate reasoning with a rule chaining. Given three
propositions “xis A'”, “IFxis A,THEN yisB”, and “IFyis B,THEN zisC", a
new fuzzy proposition should be inferred as “zis C’'” so that the closer A’ to A, the
closer C" to C.

The basic structure of a typical fuzzy inference system is shown in Fig.2.1. It
contains four basic units, namely, fuzzifier, fuzzy rule base, fuzzy inference engine and

defuzzifier. Their individual functions are discussed in the following sub-sections.

Fuzzy Rule
Base
. —? Fuzzifier Defuzzifier em——(
Crisp Inpu Crisp Outputs
inU 'y inv

Fuziy lnwfeﬁlr'ence
Engine

Fuzzy Sets in U Fuzzy Setsin V

Fig 2.1 Basic Structure of a Fuzzy Inference System

2.2.1 Fuzzy Rule Base

Most of the fuzzy inference systems implement GMP approximate reasoning
strategy, usually contain a set of fuzzy rules instead of a single rule. For example, A

fuzzy inference system contains a set of fuzzy IF-THEN rules which has the following
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form in which the premise (IF) and consequent (THEN) parts involve linguistic

variables to represent the input-output relation of the system:

Rule :IF x,is A, ---and x, is A,, THEN yis B,

Rule;:IF x, is A, ---and x, is A,, THEN yis B,

Rule, :IF x,is A, ---and x,is A,, THEN yis B, (2.1)

where x,---,x, are the input variables, y is the output variable, 4, , and B, are fuzzy

terms of the jth rule for the ith input and the output respectively. Note that only multi-
input-single-output (MISO) fuzzy systems will be considered in this dissertation since
MISO fuzzy systems can be easily extended to cater for the multi-input-multi-output
(MIMO) ones. For example, a MIMO FNN is decomposed into several MISO FNN

models as in Fig.2.2.

MISO FNN Model #1

!_’Oyl

MISO FNN Model #M

Fig 2.2 Decomposing a MIMO FNN into Several MISO ones
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2.2.2 Fuzzifier

In real world, some equipment’s such as digital sensors can only provide crisp

values of measurement that can not be processed by a fuzzy system. A fuzzifier

performs the function of fuzzification and it is defined as a mapping from a crisp point

x"eU cR" 10 a fuzzy set A’ in the same universe of discourse U. Three popular

fuzzifiers are discussed as follows:

»~
'e

‘I

\ U

Singleton fuzzifier: The singletoon fuzzifier maps a crisp point x" e U c R" to a
fuzzy set A’ in U, which has membership value 1 at x"and 0 at all the other
points; i.e.,

1 ifx=x

(2.2)
0 otherwise

e (x) ={

Gaussian fuzzifier: The Gaussian fuzzifier maps a crisp point x’ e U cR"to a
fuzzy set 4’ in U, which uses the following Gaussian membership function
shown in Fig 2.3(a):

= 5-x ¥

He(x)=Te 7 (23)
where T represents a T-norm operator which is usually chosen as Min or algebric

product and &,'s are positive real-value parameters used to control the shape of
Gaussian membership functions. The Guassian fuzzifier has been widely adopted
in FNN models due to its differentiability.

Triangular fuzzifier: The triangular fuzzifier maps a crisp point x' e c R"to a
fuzzy set 4" in U, which uses the following triangular membership function

shown in Fig 2.3(b):

n

T |x'-x’.l .
(I-T) if

=41 x, - x| <é, @4

0 otherwsise
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where b,'s are positive real-value parameters used to control the shape of

triangular membership functions.
It seems that singleton fuzzifier is the most commonly used one, especially in fuzzy

control. Non-singleton fuzzfiers, however, are more insensitive to the noise of inputs.

(a) Gaussian Membership Function

Q

=

6 | ]
g 041  Siow Moderate Fast -

00 .- / 1 \ 1 / 1 \ -:
] S0 100 150 0
Speed

(b) Triangular Membership Function

Fig 2.3 Two Typical Membership Functions

2.2.3 Fuzzy Inference Engine

Fuzzy logic principles are used in the fuzzy inference engine to combine the fuzzy
IF-THEN rules in the fuzzy rule base which has the form as eq.(2.1). Given a fuzzy set

A’ in universe of discourse U, fuzzy inference engine can deduce a fuzzy set B’ in the
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universe of discourse V' based on the set of fuzzy rules.

As any practical fuzzy rule base contains a set of rules instead of a single rule, the
function of fuzzy inference engine is how to infer with a set of rules. There are two
methodologies used to infer in the way of multiple rules, i.e., composition based and
individual rule based inference.

In composition based inference, all rules in the fuzzy rule base are combined into
a single fuzzy relation and this relation is then regarded as a single rule. For example, if
Mamdani fuzzy inference is adopted, then the fuzzy relation of all L rules in eq.(2.1) is

represented as:

Q,=8 R} (2.5)

and
Ry =Ty, (x) (2.6)

where S and T refer to S-norm (T-conorm) and T-norm operators, respectively.

In individual rule based fuzzy inference, each rule in the fuzzy rule base
determines an output fuzzy set by itself and the overall output of the fuzzy inference
engine is the combination of all L output fuzzy sets. Each rule is fired with a certain
firing strength obtained by some sort of fuzzy intersection operations and then the
overall output is deduced by some sort of fuzzy union operations with the firing strength

of each fuzzy rule.

2.2.4 Defuzzifier

In many applications, especially in fuzzy control, a fuzzy system is required to
produce crisp output actions instead of fuzzy ones, so a defuzzifier is necessary. A

defuzzifier is defined as a mapping from fuzzy set B’ in ¥ < R to a crisp point
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y" €V . There have been several types of defuzzifiers proposed [112-113], here three

commonly used defuzzifiers are discussed.

>

\ Y

\ U

2.3

Center Of Gravity (COG) Defuzzifier: It specifies the overall output y° as the

center of area covered by the membership function of B', i.e.,

IY.UE (»)dy

A @7
[upay

where I is the conventional integral.

Center Of Average (COA) Defuzzifier: As the fuzzy set B’ is the union or

intersection of several fuzzy sets, COA uses the weighted average of the centers

(¥,’s) of these fuzzy sets and the weights (w,’s) equal the heights of the

corresponding fuzzy sets, i.e.,
) Z)_"l W,

y = ZW/

!

(2.8)

Maximum Defuzzifier: The maximum defuzzifier chooses the y° as the point in

I at which u,. () achieves its maximum value.

Mamdani Fuzzy Inference and Lin and Lee’s Model

Various types of fuzzy rules are used to represent the knowledge in fuzzy systems.

Here we will address only the form of fuzzy rules and one can mainly distinguish two

major types: rules with “symbolic” (fuzzy) consequents and rules with “numerical”

(crisp) consequents, referred to Mamdani fuzzy rules and TSK fuzzy rules in this

chapter as two classical examples.

Mamdani fuzzy rules have been applied in the first application of fuzzy control
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[78]. It has the general form as eq.(2.1). The consequence of a Mamdani rule is

symbolic, for example, “controller output is big”. Theoretically each rule can be

represented as a fuzzy relation R, as:

R, (3,5 ;505 X, ) = min(min(s,, | (x,)), 4, (7)) 2.9)

In individual rule based inference, each rule will be fired individually and produces

individual output fuzzy set as:
#y, (p) = min(min(a, (x,), R, ()%, %, ) (2.10)

These output fuzzy sets are then aggregated using the maximum operator to produce the

output fuzzy set for all fuzzy rules:
#y (y) = max(ug, () (2.11)
The crisp output is then generated by a certain defuzzification procedure presented in

the last section. The graphical example of Mamdani fuzzy inference with two

individual rules is shown in Fig.2.4.

Premise Part Consequent Part
A f'A\i-- B, /_’A\\ O /
/o /
/N / \ [\
/ / \ -
[ \ . | .
AN B ) la A
/ : / \ : \
/ i L/ \
: : [.I
|

"(COG)

y

Fig 2.4 Mamdani Fuzzy Inference with Two Individual Rules
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A typical FNN model adopting Mamdani fuzzy inference was proposed by Lin

and Lee [73]. The model is a connectionist feedforward network consisting 5 layers as
shown in Fig.2.5. In the following descriptions, f represents the output of a certain

node, u,, denotes the ith input of a certain node in th layer.

Layer 5

(output linguistic nodes)
Layer 4

{output term nodes)
Layer 3

(rule nodes)

Layer 2

(input term nodes)
Layer 1

(input linguistic nodes)

Fig 2.5 Lin and Lee’s FNN Model

Layer I (Input layer): The nodes in this layer simply transmit the » input values to the
next layer.

f=u,, u,=x Vi=l--n (2.12)
Layer 2 (Input term node layer): Each node in this layer implements a particular
membership function, and its output is the corresponding membership value of the input
variable connected to it. A bell-shaped function is adopted here for its differentiability:

_(": z"",, ):

fee ©7 @13)

where m,'s and o,'s are, respectively, the center and width of a bell-shaped

membership function for node i in layer 2.
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Layer 3 (Rule node layer): Nodes in this layer are called rule nodes. A T-norm
operation is used to carry out preconditions matching of the fuzzy rules. The min
operator is adopted here as a T-norm operator:

P,

f=min(y,,) 2.14)

=]
Here, p, denotes the number of preconditions in rule node i.

Layer 4 (Output term node layer): In this layer, a T-conorm operation is used to
integrate the fired rules having the same consequence. The links between the layer 3
and layer 4 characterize the reasoning engine. For each node in layer 3, there exists
only one link to a certain node in layer 4, it means that any conflicted rules are
prohibited. The bounded summation T-conorm operator is used and the node's output

will be:

f= min(l,iu,_n (2.15)

=]
where ¢, denotes the number of rules which have the same consequence for node i in
layer 4.
Layer 5 (Output layer): The nodes in this layer implement the defuzzification operation
to generate a crisp output. By adopting the approximate COA defuzzification method,

the output will be produced as:

Z(mlo-i)ul,S

f= Zo.u (2.16)
itis

where m, and o, are the center and width of a bell-shaped membership function for the

ith fuzzy term of the output variable.
A two-phase hybrid learning algorithm has been developed in Lin and Lee’s

model. In the unsupervised learning phase, the membership function parameters, i.e.,

m;’s, 6,’s in layer 2 and m,’s, o,’s in layer 5, were first determined using a
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unsupervised clustering procedure. After that, the fuzzy rule set was obtained using a
competitive learning algorithm. Some useless fuzzy rules were deleted in order to
reduce the total number of fuzzy rules. The well-known back-propagation algorithm
was adopted in the supervised learning phase and the model performance could be
further improved by adjusting the membership function parameters of input and output

variables.

2.4 TSK Fuzzy Inference and Jang’s ANFIS

The general form of another rule type referred to as TSK fuzzy rules, introduced

by Takagi and Sugeno [104] and further exploited by Sugeno and Kang, is as follows:

Rule, :IF x,is A, ---and x, is A,, THEN y' =c,, +¢c,,x, +--+¢, X

nl*n

Rule :IF x, is A,---and x,is4,, THEN y’ =c,, +C X+ +C, X

nyn

Rule, :IF x, is A, ---and x, is A,, THEN y* =c,, +c,,x, +-+c, x

nl"n

.17
The consequence of an TSK fuzzy rule is a crisp value instead of a fuzzy set. The
consequence is the linear combination of all input variables and it is then termed as a
first-order TSK fuzzy rule. The TSK fuzzy rules always refer to first-order ones in this
dissertation without additional specification. Fig.2.6 shows an example of TSK fuzzy
inference with two individual rules.

The final output of a TSK fuzzy system is computed as the weighted average of

the y’’sin eq.(2.17), that is:
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Fig 2.6 TSK Fuzzy Inference with Two Individual Rules

(2.18)

(2.19)

Another well-known FNN model, ANFIS, is proposed by Jang [50] to implement

TSK fuzzy inference using a layered network structure. In the reported simulations,

ANFIS has yielded remarkable results as compared with some classical neural network

models. It also consists of 5 layers (see Fig.2.7). The individual functions of all five

layers are introduced below:

Layer [: Each node in this layer corresponds to a membership function of the input

variables x,’s:

_ (X, —~m, )1

fee o

(2.20)

Layer 2: The output of each node in this layer represents the firing strength of a rule:
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P,
=l (2.21)

=]

Here, p, denotes the number of preconditions in rule node / in layer 2 and v, , indicates

the ith input of this node in layer 2.
Layer 3: Each node in this layer calculates the ratio of the ith rule’s firing strength to the

sum of all rules’ firing strengths.

ur,]

Y

Layer 4: The output of each rule is computed in this layer and the function has the form:

(2.22)

f =ul.4 (Zc/.:xj +CO,I) (223)

J=l

Layer 3: The final output is computed by summing the outputs of all rules.

f=>u, (2.24)
x, x:
X | >~
T
o y
X3 C ey
p L ;] i
; —r—
| —
Fig 2.7 ANFIS Architetcure

There are two categories of adjustable parameters existed in ANFIS, the premise

parameters (membership function parameters of input variables, i.e., m,'s and &,’s in
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€q.(2.20)), and the consequent parameters (i.e., ¢ ,. sand ¢,.'s in eq.(2.23)). Four

approaches have been proposed in the learning of ANFIS [50].

. Gradient decent only: all parameters including premise and consequent parameters
are updated by back-propagation algorithm.

. Gradient and one pass of LSE: LSE is applied only once at the very beginning to
determine the consequent parameters and then back-propagation is adopted to
further adjust all the parameters.

. Gradient and LSE: One pass LSE to update consequent parameters followed by
one pass of back-propagation to update premise parameters.

. LSE only: The premise parameters are fixed before leaming and only the

consequent parameters are updated by LSE.

2.5 Limitations of Single-stage FNN and Introduction to MSFR

Even though single-stage FNN’s made various successful applications in different
fields, they suffer from a major problem, ie., they can not realize sophisticated
multistage fuzzy reasoning (MSFR) mechanisms which are quite common in human
being’s real life reasoning strategies. There have been some researchers found that
single-stage fuzzy reasoning suffers the dimensionality problem that restricts them to be
used in large-scale systems with many input variables. As most of the proposed
research works on sophisticated multistage FNN modeling have been carried out to
address the dimensionality problem [5, 8, 32, 81], it will be discussed in a little more
detail. The dimensionality problem, which was first introduced by Bellman [4], can be
considered from two different perspectives by treating FNN as a trainable and

interpretable dynamic system {19, 26]:
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¢ Structural dimensionality: It was pointed out in [8, 10, 65, 92, 114] that the total
number of fuzzy rules increases exponentially with the number of input variables
in single-stage fuzzy reasoning process.

¢ Parametric dimensionality: The total number of adjustable system parameters
increases exponentially with the number of inputs involved.

An illustrative example of the structural dimensionality is graphically shown in
Fig.2.8. The fuzzy rules are of the form as eq.(2.1). The total number of fuzzy rules
increases from 4 (9) to 32 (243) as number of inputs increases from 2 to 5 when each
input variable contains only 2 (3) fuzzy terms (partitions). Usually, each input variable
in a fuzzy system has more than 3 fuzzy terms in order to achieve better performance,

'soa single-stage FNN with many input variables may cause incredibly huge number of
fuzzy rules. The single-stage FNN’s may lose their well-known advantage on
producing explicit and readable fuzzy rules close to human being’s real reasoning

mechanism due to this structural dimensionality problem.

300 - -
250 -

200 -

50 —— M——
[ ————_ ] _=.._ J
1 2 3 4

Number of Input Variables

' |DPartition of each input
variable is 2

| @ Partition of each input
| wvariable is 3

Number of Fuzzy Rules
I
(=]

Fig 2.8 Structural Dimensionality Problem I[llustration

Furthermore, some single-stage FNN's fall under the category of fuzzy models of
which each fuzzy rule is specialized as a form of a functional relationship between the

inputs and output of the model [91]. System parameters (e.g., consequent parameters

¢,;'s in eq.(2.23)) are expected to be adjusted based on a certain criterion in order to
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realize such kind of functional relationships. A FNN suffers from the parametric
dimensionality if the number of adjustable parameters also increases exponentially with
the number of input variables. For example, Jang’s ANFIS suffers from the parametric
dimensionality problem and the relationship between the number of consequent
parameters and number of input variables is depicted in Fig. 2.9.

The parametric dimensionality problem will destroy the generalization ability of
FNN, especially when the training data pairs are limited. For example, if a FNN with
500 adjustable parameters is trained with less than 500 data pairs, the FNN will be
unstable since it may not have good response to unforseen inputs [51]. Moreover, too
many adjustable parameters slow down the learning speed greatly.

As mentioned before, single-stage FNN’s can only implement single-stage fuzzy
inference. Besides single-stage fuzzy inference, however, there is another important
fuzzy inference methodology, i.e., multistage fuzzy inference (MSFR) [13, 76-77, 109].
In MSFR, the consequent of a fuzzy rule will be passed to the next stage as a fact. The
Generalized Hypothetical Syllogism (GHS) is a special case of MSFR. A GHS fuzzy

rule set containing M stages is with the following form [109]:

IF x, is A, THEN x, is 8,
Stage 1. :
IFx is4, THEN x, is B,,

IF x, is 4,; THEN x, is B;,
Stage 2: :
IFx,is4,, THEN x;is B,

IF x, is Ay, , THEN x,, is B,,

Stage M : (2.25)

IF xy, is Ay, Y THEN x,, is B,, L,

where x,'s(i=1,---,M)are linguistic variables, 4, 's(i=1---,M,j=1,--,L) and

B, ,s(i=1,---,M,j=1,--,L) are fuzzy terms. As opposed to single-stage fuzzy
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led
I

reasoning, MSFR involves three kinds of linguistic variable [13]. They are input,
output, and intermediate variables where input variables (e.g. x,) only appear in the [F
part of the rules, output variables (e.g. x,,) are found only in the THEN part. and the
intermediate variables (e.g. x,'s(i =1,---,M —1)) are used in the IF part and THEN part

of different rules concurrently.

O partition of cach input
varable is 2

B paition of each input

_ vanableis3

Number of Consequent
parameters
55888888

I 2 3 4 5
Number of Input Variables

Fig 2.9 Parametric [_jimeﬁ;i_oﬁaiity Problem Illustration

It has been pointed out in [76-77] that MSFR is more close to human being’s real
reasoning mechanism than single-stage fuzzy inference when a complex problem is
being dealt with and it is an indispensable tool of building up a high level intelligent
system. However, there is only few =~ rch works carried out to study MSFR and
there are more less researchers conce, .ang on developing FNN models implementing
MSFR. In [10, 23], the chaining of syllogistic multistage fuzzy rules was investigated
where a syllogistic fuzzy rule can be abbreviated with a single-stage fuzzy rule.
Obviously the multistage fuzzy rules may lose their explicit meaning if they are
abbreviated as a single-stage one, especially when the meaning of intermediate variables

is to be studied.
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Chapter 3

Multistage Fuzzy Neural Networks:

Incremental Type

3.1 Introduction

In view of the fact that human being’s memory is hierarchically organized in
multiple stages [21,28,52], multistage fuzzy inference (MSFR) is introduced into FNN
construction in this chapter. Here we consider the multistage fuzzy neural network
(MSFNN) models with incremental structure, i.e., several reasoning stages are involved
and each stage contains a subset of input variables as input arguments. The MSFNN
model with incremental structure is then termed as incremental fuzzy neural network
(IFNN). The rules realized by [FNN have the form as [106]:

Rule 1: IF an animal has hair, THEN it is 2 mammal;

Rule 2: IF an animal is a mammal and it eats meat, THEN it is a camnivore;

Rule 3: IF an animal is a carnivore and it has tawny color and it has black stripe,

THEN it is a tiger.

Besides the fact that the above hierarchical fuzzy rules are quite common in
human being’s real life, its incremental structure can address the dimensionality
problem fundamentally, i.e., the total number of fuzzy rules is reduced to a linear or a
nearly linear function of the number of inputs. There have been a few attempts to

synthesize fuzzy systems with similar incremental structures. Some of the reported
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fuzzy systems work on a fixed fuzzy rule set given by experts, but the total number of
fuzzy rules has been greatly reduced compared with corresponding single-stage fuzzy
systems. In [92], an adaptive hierarchical fuzzy controller has been proposed for
feedwater flow control to a steam generator. The whole system is divided into several
levels (stages) and each level corresponds to an individual fuzzy control (reasoning)
stage. The final output of the system is the weighted sum of the outputs from all control
levels (stages). Another fuzzy system with incremental structure has been reported in
[13]). This work concentrates on simplifying the computational complexity and pre-
computation mechanisms have been introduced. There have been some other fuzzy
systems with incremental structure and fixed rules such as [66, 97].

One major problem of the above fuzzy systems is that expert knowledge used to
determine a complete hierarchical fuzzy rule set is not always available. In most of the
cases only some examples (input-output data pairs) can be obtained. Research works
have been carried out to introduce learning abilities into hierarchical fuzzy systems and
hence two major issues have to be considered: (1) input selection methods on how to
assign inputs to different stages, it belongs to a current attractive research topic, i.e.,
hierarchical fuzzy modeling (2) learning algorithms on how to derive an appropriate
hierarchical fuzzy rule set and how to tune the involved system parameters in order to
improve the system performance.

Hierarchical fuzzy modeling has been discussed in the literature. As mentioned in
Chapter 1, incremental and aggregated structures are two typical hierarchical
(multistage) ones. In [8], general perspectives of constructing hierarchical fuzzy
systems have been introduced. Genetic algorithms (GA) were used to decide the
optimal hierarchical fuzzy-neuro system structure which in our context is close to the
incremental one in [30, 81, 86]. The determination of the aggregated structure has

always been considered as a system decomposition problem. For example, in [5], a
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high-dimensional neuro-fuzzy system was decomposed into several additive or
multiplicative low-dimensional fuzzy systems based on ANOVA (Analysis Of
Variance) decomposition or Breiman’s [[ method. An iterative searching algorithm has
also been proposed based on so called Adaptive Spline Modeling of Observational Data
(ASMOD) algorithm [56]. The best additive or multiplicative neuro-fuzzy model can
be found through comparing the performance of those possible model structures. Priori
knowledge was required to reduce the complexity of the searching process. In [44-45],
another decomposition approach, NetFAN-approach has been presented where a fuzzy
system is decomposed into several sub-systems based on the background knowledge of
the problem. If the background knowledge is not available, all the above methodologies
become complete/exhaustive searching strategies that are usually computation
prohibitive when there are many inputs have to be considered. GA is superior to the
above methodologies in view of the fact that GA needs much less background
knowledge. The complexity of GA, however, is still very high when we take use of it to
determine an optimal hierarchical structure for a high-dimensional system.

Two fast yet efficient input selection methods are proposed for our MSFNN
models with incremental (IFNN) and aggregated (AFNN) structures. The input
selection method of IFNN is proposed in this chapter and which of AFNN can be found
in the next chapter. In IFNN, all the inputs are divided into several subsets based on
their contributions (importance degrees) to the final output. The inputs of each subset
as well as the output of the previous stage are treated as the input arguments of the
current stage. The proposed input selection methods do not need any priori expert
knowledge. Appropriate incremental or aggregated structures can be determined only
on a set of training data pairs. Moreover, the computation complexity is significantly
simplified compared with GA and the other existing methods.

There have been various fuzzy reasoning mechanisms proposed [85]. By treating
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two well-known single-stage FNN models, Lin and Lee’s FNN model [73] and Jang’s
ANFIS [50] as reasoning modules, two IFNN models are developed to implement
Mamdani and TSK fuzzy inference. The learning algorithms have been developed and
extensive simulations have been done to demonstrate the advantages of the proposed

IFNN models in dealing with high dimensional problems.
3.2 Incremental Fuzzy Neural Network Structure

The basic IFNN structure is depicted in Fig.3.1. The input variables have been

divided into M sets, i.e., x*’’s and each of them is fed to an individual reasoning stage
(module) which corresponds to a single-stage FNN. So there are totally M single-stage

FNN models involved in an incremental manner and the fuzzy inference is carried out

stage by stage. y™*/ (k<M) is the intermediate variable which represents the output

from stage k as well as the input to stage k+1. All the intermediate variables are located

in the same universe of discourse as the output variable y*/’. The rationale behind this
arrangement and the overall reasoning mechanism is that people usually make their
decisions hierarchically. It is quite common for us to consider some factors (input
variables) first and made an approximate decision, corresponding to the intermediate
variables here. The decision is then fine-tuned by considering more and more factors
until the final decision, corresponding to the output variable here, is made.

If Mamdani fuzzy inference is adopted in IFNN, the model is then termed as

Mamdani [FNN model and the jth fuzzy rule in stage k> / has the following form:
Ruld? : TF(x{" is 4% ---and x%'is AY))and ()" is B*™) THEN y™ is B
(3.1)

For clarity of presentation, the denotations of eq.(3.1) are listed below:

o

< x™: The ith input variable in stage £.
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o A,‘_‘;’ : The fuzzy term of the ith input variable appearing in the jth rule of stage &.
% n,: The number of input variables used in stage &.
< y™: The single output variable in stage k.

< B'*™: The fuzzy term of y* appearing in the jth rule of stage .

/
°®

B : The fuzzy term of y* appearing in the jth rule of stage .
If TSK fuzzy inference is adopted in IFNN, then the IFNN model is termed as

TSK IFNN model and the jth fuzzy rule in stage k> / have the form as:

*) R) ;o gh) (k) s g(k) (k-1) ;o plk-1)
Rule” : IF(x" is A} ---x," isA4,") and (y* 7 is B]'™")

THEN v* = ¢® G- < k) (k) (k) (-2)
y -Cn.ql_‘,y +ZC /xl +c°-l

i
=]

Here real numbers ¢*)’s are consequent parameters in stage &. Since the output of each

stage in TSK IFNN is crisp, the defuzzifier in Fig.3.1 is removed.
Both eq.(3.1) and eq.(3.2) show that the form of fuzzy rules realized by IFNN is a

special case of the general MSFR rules in eq.(2.25) in view of the fact that the

intermediate variable y'*’ (k<M) can be transferred to the next stage as an input. The
difference is that a fuzzy consequence part of one rule is directly passed to another rule
as an antecedent in rigid MSFR.

The total number of rules can be significantly reduced in an [FNN compared with
single-stage FNN models. This number is a linear or nearly linear instead of an
exponential function of the number of inputs. [llustratively, the total number of fuzzy
rules increases from 4 (9) to 16 (36) as number of inputs increases from 2 to 5 when
each input/intermediate variable contains 2 (3) fuzzy terms (partitions), see Fig.3.2.
Compared with Fig.2.8, it is clearly found that the structural dimensionality is well
addressed.  Note that only the most parsimonious case is considered in Fig.3.2, i.e.,

each stage only contains two input attributes (including input and intermediate variable)



Chapter 3: Multistage Fuzzy Neural Networks: Incremental Type 38

and then the number of fuzzy rules is the minimum [113-114]. In this case, the total

number of fuzzy rules will be (n—1)p* where n is the total number of input variables
and p is the number of fuzzy terms defined for each input/intermediate variable.

As mentioned in Chapter 2, ANFIS, which is an example of the single-stage FNN
implementing TSK fuzzy inference, suffers from the parametric dimensionality problem
besides the structural dimensionality problem. If we only consider the most
parsimonious case of TSK IFNN model adopting the rules in eq.(3.2), the number of
consequent parameters is illustrated in Fig.3.3. The parametric dimensionality is also

well addressed by comparing with Fig.2.9.

Stage k (k>1)
Fig3.1. Jsasic Structure
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Fig 3.2 Addressing Structural Dimensionality Problem with IFNN
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Fig 3.3 Addressing Parametric Dimensionality Problem with [FNN
3.3 Input Selection Method

Intuitively, MSFR mechanisms are commonly used by human beings, especially
when a complicated decision making problem is being considered. It is quite possible
for he/she to consider some important factors first and made an approximate decision,
the decision is then fine-tuned by considering more and more other factors until the final
decision is made. Based on this rationale, IFNN can be constructed by assigning the
most important input variables to the first stage, the less important ones to the next
stage, and so on [26]. In this section, the “importance™ of each input variable 1s

evaluated and a simple and yet effective IFNN construction method is proposed.

331 Ae of the Importance of Each Input Variable

Given a differentiable n-input-1-output function y= f(x,,x,,---,x,) where
[x,,x,,-,x,]" €[0,1]", get a set of p sample data pairs from this function:

[x”,xj‘z,...,x”',yj]r Vi=1,p (3.3)
Any two output values, y, and y,, can be approximated using the following Taylor

Series Expansion on a fixed point [ 7,,7,, > z,1":
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5, =f(z.,zz,---z,.)+zg— (X, - 2)+7, 34)
= il ay,
- f g _
yk - (zliz;’? Zn)+2& (xk,i Zl)+rk (3'5)
= e ey,

where r, and r, are higher-order residuals and they can be ignored without much loss

of information if Ixj‘, - x,lSI and |x,“,. - z,lsl . The following equation can be

derived by subtracting eq.(3.4) by eq.(3.5):

Y, =W =Zbi(x/.l _xk,:) (3.6)

1=l

4

where b, =——| . Itis found that the original function is approximated with a linear

Heag,
one. Such kind of approximations have been widely used in nonlinear regression, see,
€.g., monograph [98]. Get g sample data pairs which have the form as
[X,0 =Xe10m""s%,, = X4, ¥, — ¥, ]’ from the original data set in eq.(3.3) and rewrite
€q.(3.6) in a matrix form:

AY = AXB 3.7
where the dimensions of AY, AX and B are gx1, gxn and nxl, respectively. B is
an unknown vector whose elements are parameters 5, ’s.

In general, if there is a matrix function W =UV where the dimensions of W, U,
and V' are gx1, gxn and nx1, respectively, all the elements of U and W are known,
the elements of /" are unknown, and ¢ is greater than n, obtaining the values of V then
becomes an over-determined problem and there is no exact solution of ¥ . Instead, LSE

algorithm can be applied to find least square estimate of ¥, V', to minimize the

squared error UV -W "2 V" can be evaluated by the well-known pseudo-inverse

formula [50, 83, 98]:
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Vio=u'uy'v'w (3.8)
If U'U is a singular matrix and then its inverse matrix cannot be computed. In this
case, let the ith row vector of matrix U be u; and the ith element of W be w’, ¥ can

be calculated by the following sequential formulations [50]:

Vl+l = VI + Di+lui+l(wlcl —ut’;llfi)
Du,u’ D
D =D>__$£L’_ i=0,"', -1 39
i+l i l+u£,D,u,.+| q ( )

where D, is called as the covariance matrix [83, 98] and the initial conditions to
bootstrap eq.(3.9) are ¥, =[0,0,---,0]" and D, =y/ where y is a positive large number

(e.g.,10°) and [ is the identity matrix of dimension nxn.

Obviously, B in eq.(3.7) can be evaluated using eq.(3.8) or eq.(3.9). It is found
in eq.(3.7) that each obtained b, represents the ratio of the variance of the output
variable y with the variance of each input variable x, over the whole given data set.
So b, implies the “importance™ of the corresponding input with respect to the output in

a sense of statistics. Note that 5, can be positive or negative, the term impo(x,) is used

to represent the degree of importance of x, and impo(x,)=|b, | Zlb , | so that

J=l

Z": impo(x,)=1.

=l

If the input vectors [x,,x,,-,x,]" in the given data set exceed the interval [0,1]",
then Taylor series expansion cannot be adopted for approximation. In this case, the
following normalization function is applied to normalize all input vectors in [0,1]" and

then the above analysis method can be applied by using the normalized data pairs

’ ’ ' r7
[xj.l’xj.l’.“’x/_n’yjl .
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2

_(x‘ ,—m,)

o (3.10)

y,=e (=L, p)
where m and o are the mean and variance value over the corresponding data column in
the data set.

Let us consider the following S-dimensional function as an example to
demonstrate the validation of the proposed input selection method:

y =10sin(7x;x, ) + 20(x, —0.5) +10x, +5x, @G.11)
It is originally used by Friedman to evaluate the MARS modeling algorithm [29]. A
data set of 1000 pairs is produced and the inputs are drawn from a uniform distribution
over the 5-dimensional unit hyper cube. The importance degree of each input variable

is evaluated and listed as follows:

x x, x, X3 X, Xxs

’

impo(x,) 0.2138 0.2110 0.1206 0.3666 0.1981

The results show that x, and x, have almost the same importance degree, the
importance degree of x, is nearly half to which of x,. The validation of the input

selection method will be further tested in the simulation part.

(/)

> Note: As pointed out by my external examiner, since the importance degrees,

J

b,'s , are calculated by using LSE, positive and negative Ay/Ax may cancel out

each other when all inputs distributes symmetrically in an interval as [-L, L]. In

this case, the improvement of our importance degree analysis method is to use the

absolute values of Ay and Ax.
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3.3.2 IFNN Construction Algorithm

Based upon the above analysis, the degree of importance of each input variable
can be obtained and consequently an IFNN model can be constructed by applying the
following algorithm:

Step I: Put all n input variables in a set S.

Step 2: Choose n, most important inputs from S as the input variables of the first

reasoning stage and write them as x™°

’

s. The value of n, is determined by

Zimpo(x}”) >T,, where T; is a chosen threshold and T;=0.5 was adopted in

1=l
our simulations. Such an arrangement is used to guarantee that the first stage

can contain enough system information.

Step 3: Remove these #, input variables from S.
Step 4:  Choose n, most important input variables, i.e., x*'’s, from $ and assign them

to stage 2. The number n, is again a design parameter.

Step 5: Repeat steps 3 & 4 until the stopping criterion is met. One may stop when a
certain number of reasoning stages has been constructed or when the input
variables in S are exhausted.

Note that the construction method proposed here is very flexible. The resulted [FNN

reflects the trade-off between the depth of the model and the total number of fuzzy

rules.
3.3.3 Computational Complexity Analysis of IFNN Construction

As stated before, there have been a few hierarchical fuzzy modeling or input
selection methodologies proposed in the literature and they can be identified into three

major categories, i.e., complete/exhaustive searching [51], heuristic searching based on



Chapter 3: Multistage Fuzzv Neural Networks: Incremental Tvne 44

background expert knowledge [5, 8, 44-45] and genetic algorithm [30, 81, 86]. If there
is no expert knowledge provided, the second category becomes complete/exhaustive
searching. Since our IFNN construction method does not need expert knowledge, the
comparison of the computational complexity is fair by treating heuristic searching
methods as complete/exhaustive ones.

To construct an optimal or sub-optimal IFNN model with » input variables, the

computational complexities of various methodologies are discussed as follows:

< Complete/exhaustive searching methods: If only the most parsimonious case of

IFNN is considered, then there are totally C; x (n—-2)! possible IFNN structures.
Suppose that the CPU time for one pass of all data pairs is T;, then

complete/exhaustive searching methods need CPU time as >> (n-2)!xC} x T,
since there are many other possible [FNN structures should be considered except
the most parsimonious case.

¢/

% Genetic algorithm: Suppose the population size is p, the generation number is g,
and each generation uses 7, CPU time, then genetic algorithm needs CPU time as
pxgxT,.

*  Our input selection method: Suppose the CPU time needed for one pass of data set

using LSE is T;, then our input selection method needs the total CPU time as 7.

Specifically, we have T, >7, >T, in view of the fact that LSE is a quite fast linear
regression method and genetic algorithm takes use of more genetic operations such as
crossover and mutation. From the above discussion, it is found that our proposed input
selection method is much more superior to those existing searching methodologies in
computational complexity. The method significantly simplifies the determination of an

optimal or sub-optimal FNN model with incremental structure.
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3.4 Mamdani IFNN Model and Its Learning Algorithms

According to Section 3.2 & 3.3, an IFNN model contains several single-stage
FNN modules served as individual reasoning stages. In this section, a Mamdani IFNN
model [24-25] where Mamdani fuzzy inference is adopted in any single-stage module is
presented. The proposed model contains fuzzy rules as eq.(3.1)

Owing to its popularity, Lin and Lee’s model [73] has been adopted to realize
Mamdani fuzzy inference. Thus, each single-stage module consists of five layers and
their functions are briefly described below in the context of MSFR. The corresponding

learning algorithm is presented subsequently.
3.4.1 Network Structure

[n Fig.3.4, the basic structure of Mamdani IFNN model is shown. In the

following descriptions, ,_’,’” represents the output of the ith node in jth layer of stage &,

u"’ denotes the /th input of a certain node in current layer of stage k (the layer and node

identities are dropped for presentation clarity). The total number of nodes in the jth
layer of stage k is specified by ¥V'*/.
Layer I: The nodes in this layer simply transmit the input values to the next layer. For
ordinary system inputs and input from previous stage, i.e., when £>1, we have

B =u® u® =x® Vi=1,2, N® Lk =2, M (3.12)

and

& o=uf, UM =yl Yk=2- M (3.13)

NP
respectively. Here, N/*’ is equal to the total number of inputs to stage k. including
system inputs (i =12,---,N{*’ 1) and intermediate input (: = N*'). When k=1, there

will not have any intermediate inputs and only eq.(3.12) is applied.
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Layer 2: Each node in this layer implements a particular membership function, and its
output is the corresponding membership value of the input (or intermediate) variable
connected to it. A bell-shaped function is adopted here for its differentiability:

k k)2
_(u"-m(*)

f=e (7 vi=12.. N¥ (3.14)

Stage k+1

Layer 1

Fig 3.4 Mamdani IFNN Model Structure

where m(*’'s and o{*'s are, respectively, the center and width of a bell-shaped

membership function for node i, and N{* will be equal to the total number of fuzzy
terms/partitions for the inputs to stage k. Each node corresponds exactly to a fuzzy term
of a system variable and therefore nodes in this layer are called term nodes.

Layer 3: Nodes in this layer are called rule nodes. A T-norm operation is used to carry
out preconditions matching of the fuzzy rules. Suppose the min operator is adopted, the

transfer function will be:
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(k)

pl
1 =minu*) Vi=12. NV (3.15)

Here, p, denotes the number of preconditions in rule node i and N!{*’ indicates the total

number of rules in stage k.

Layer 4: In this layer, a T-conorm operation is used to integrate the fired rules, which
have the same consequence. The nodes here are also called as term nodes as they are
associated with the fuzzy terms of the intermediate/output variables. The links between
layer 3 and layer 4 characterize the reasoning engine. For each node in layer 3, there
exists only one link to a certain node in layer 4. Thus, conflicting rules can be avoided.
As in [73], the bounded summation T-conorm operator is used and the node's output

will be:

(k)

= min(l,Y ) Vi=12: N (3.16)

lal

where ¢, denotes the number of rules have the same consequence for node i. Here,

N{* will normally be equal to the number of fuzzy partitions/terms for the
intermediate/output variable.

Layer 5: The nodes in this layer implement the defuzzification operation to generate a
crisp output transmitting to the next stage (when k<M) or as the final output of the
whole system (when k=M). By adopting the approximate center of area defuzzification

method [73], the output will be defined as:

Vi.ﬁ
vy
(k) (k) k)
(m," "o, )u,
1

(k) _ I=
i5 Nﬁ"

(k) (k)
ZG: U

I=l

fori=1 (3.17)

where m;* 's and o{*/'s are the center and width of a bell-shaped membership function

for /th fuzzy term of the output/intermediate variable in stage &.
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3.4.2 Learning Algorithms

As in Lin and Lee's model, the learning process in each single-stage module
consists of two phases, namely, structure learning and parameter learning. In the first
phase, the structure of the whole network that corresponds to an appropriate rule base is
obtained via competitive learning. Lin and Lee also take use of this phase to delete
those "useless" rules in order to reduce the rule base to a reasonable size. After the
structure is learned, phase two attempts to fine-tune the membership function
parameters of the input, output and intermediate variables by back-propagation learning,
aiming at achieving better system performance. In the following two sub-sections, these

two learning phases are described.
3.4.2.1 Structure Learning Phase

In (73], Lin and Lee proposed a competitive learning phase to determine the
network structure of their single-stage FNN. Here, we propose to extend it to handle the
Mamdani IFNN structure learning. Recall from [73] that there are two kinds of
operations for nodes in layer 4 and layer 5, i.e. up-down (backward) and down-up
(forward) transmissions. Up-down transmissions have been particularly designed for
learning phase 1 and nodes in layer 5 and layer 4 will operate like layer | and layer 2
respectively. The desired outputs of the training data pairs now serve as inputs to layer
5 and the backward signals are then used to determine the associations between
preconditions and consequences, i.e., the interconnections between layer 3 and layer 4.
Since the objective of each reasoning stage of the IFNN model is to produce outputs as
close to the desired ones as possible, the original competitive learning phase can be

adopted and applied in a stage-by-stage manner. Consider a training data set that

contains p sample pairs as in eq.(3.3) and define w,‘,‘” as the interconnecting weight
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between the ith node of layer 3 and the jth node of layer 4 in stage k. For the Mamdani
IFNN, the structure learning phase is listed below:

Step 1. Initialization:

a)  Set the links between layer 3 and layer 4 in all stages fully connected, initially all

k) »
w’!

s are assigned as very small random numbers in order to guarantee the
convergence of the competitive learning algorithm.
b) Letr=1/, k=1, and s=! where s denotes the index of iterations.

¢)  According to the modeling method proposed in Section 3.3, divide the input
variables into M subsets {x,"",xg"’,...,x,‘ﬂ k=1--- M } each of them attached to

an individual stage of the network.
d) Initialize appropriate membership function parameters.
Step 2. Weight Updating:

(k) (k) (%)

a)  Present x;"',x,”,....x," and »* (only when k>1) of the current training data

*-U is generated through the forward

pair to layer 1 of stage k, where y
computation from stage 1 to stage k-1.
b) Input Y(t). the desired output at time r. to layer 5. With layer 4 and layer 5

operated in the up-down transmission mode, compute the backward output —,’4"’

for Y(t),ie.
e emt
e (@ yi=12... N (3.18)
where
at =Y(t) (3.19)
1 - .
and m{* 'sand o/*’s are the membership function parameters used by down-up

transmission mode in eq.(3.17).

¢)  Update the interconnection weights between layer 3 and layer 4 by the following
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competitive learning rules [61, 73]:

Wi () =w =D +a fR~wP -1+ £P) (3-20)

14

where £/}’ is the forward output of the ith node in layer 3, & is a monotonically

decreasing parameter to control the updating speed, and ¢ is an index of weight
updating.

Step 3. Stage Termination:

a) Setr=t+]. If t> p, then increase the iteration index s by 1 and set r=1.

b) If s is greater than the maximum allowable number of training iterations, go to
next step. Otherwise, go back to step 2.

Step 4. Link and Rule Deletion:

a)  Among the links between the ith rule node of layer 3 and the nodes in layer 4,

keep the link with maximum w'*’ value and delete all the other links. Thus, only

y
one term of the output variable can become the consequence of a fuzzy rule.

b) If this (maximum) value is less than a threshold, the ith rule node is deleted too.
Such a mechanism helps to reduce the size of the rule base.

Step 3. Termination:

a)  Set k=k+1, s=1, and r=1. If k<M, then go back to step 2. Otherwise, learning

phase 1 stops.
3.4.2.2 Parameter Learning Phase

After the structure learning phase, it is necessary to optimize the system
performance of the Mamdani IFNN model with respect to the set of adjustable
parameters. As in Lin and Lee’s model, the back-propagation algorithm is used in

parameter learning phase. The error function to be minimized is defined as:
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E=Y En =13 (ro)-Fof (3.21)

1=l < 1=l
where Y(t) and )4 (t) are the desired and actual output of the final stage M at time ¢, i.e.,
y™™’ . The derivations of this error function E with respect to each adjustable parameter
are described below.

Let the adjustable parameters in stage £ be #*’. Based upon the steepest descent

optimization, the updating law is defined as:

oF
g =p® 'W'é,ﬂm (3.22)
and
JoF JE@)
ﬁﬂ(“ = pr ﬁﬂ“) (3-23)

As is popular in the well-known back-propagation algorithm, one may apply the above

updating law in data mode manner, i.e.,

JE(t)

550 (3.24)

BY =g _p

Since the proposed model involves a number of stages, the error signal back-propagated

to stage k-/ has to be computed as:

= 23 :A(hl)ay_m
ay(k-l) ay(k-l)

(3.25)

Thus, all the back-propagated error signals can be determined in a stage-by-stage

manner. Consequently, the adjustable parameters in stage & can be updated by:

oF _ Alk+l) 5)’“’

EE‘;’- = 750 (3.26)

The detail parameter learning phase of Mamdani IFNN model can be found in

Appendix A.
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3.4.3 Simulations

Two benchmark problems are chosen to show the effectiveness of the proposed
Mamdani IFNN model. The first problem is a typical nonlinear regression problem
called as Miles Per Gallon (MPG) prediction, good generalization ability of the
proposed model can be found in this simulation. The second problem is the well-known
Mackey-Glass time series prediction. The performance of the proposed model is
compared with the other FNN and neural network models.

Simulations were conducted to apply the proposed Mamdani IFNN model to
predict the MPG of automobiles. The MPG problem is a typical nonlinear regression
problem where six input variables and one output variable involve. A few data samples
have been listed in Table 3.1. The training data set can be obtained from the UCI
Repository of Machine Learning databases and Domain Theories [108). There are
totally 392 instances and they are divided into two equal sets for training and testing.
An important characteristic of the MPG prediction is that only a small training data set
is available but the number of inputs is not small. Therefore, the FNN models that are
applicable to this prediction problem should not involve too many rules or adjustable
parameters. Otherwise, the model may be unstable.

In the single-stage case, the fuzzy partition of each (of the six) input and output
variable was set to 2 and 5, respectively. If we increase the partition of each input
variable by one, there will be 3° =729 rules. Obviously it is unreasonable that a
system which is trained with 196 data pairs has 729 rules.

For the Mamdani IFNN model, the structure is determined by the input selection

method and the importance degree of each input attribute is listed below:

No. of Horse Model

Displacement Weight | Acceleration

Cylinders Power Year

0.0566 0.1637 0.0215 0.3960 0.0774 0.2849
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Table 3.1 Samples of MPG Data Set

No. of | Displacement | Horse Power | Weight | Acceleration | Model Year| MPG
Cylinders

8 318 150 3436 11 70 18
4 107 90 2430 14.5 70 25
6 258 110 3632 18 74 16
4 98 83 2075 159 77 333
4 89 60 1968 18.8 80 38.1
4 86 65 2019 16.4 80 37.2

In [51], two most important input attributes of the same problem were selected by
testing the learning performance of all combinations of any two variables. The author
also found that “Weight” is the first important variable and “Model Year” is the second
important one. It coincides with our input selection result. Furthermore, the
computational complexity of our method is much less than [51] and the importance
degree of every input attribute can be obtained where only the two most important ones
can be known in [51]. The six input variables are divided into three sets {Weight,
Model Year}, {Displacement, Acceleration}, and {No. of Cylinders, Horse Power}
according to their individual importance degrees, so there are three stages, see Fig.3.5.
The number of fuzzy partitions of each input, intermediate and output variable are fixed
to 2, 2 and 3. Hence, there are at most 4 + 8 +8 =20 fuzzy rules. Its performance has
been recorded in Table 3.2. It is found that the difference in the number of T-norm and
T-conorm operations used by the IFNN is very significant. As exemplified by this
problem with six inputs, up to 85% pairwise T-norm computations and 71% pairwise T-
conorm computations can be saved by the proposed model. Much more savings can be
obtained in problems with more inputs. Despite such resource saving, Table 3.2 also
shows that the performance of the proposed model is better than its single-stage

counterpart. This includes the performance, in terms of RMSE, for the training data set
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and testing data set after 1000 epochs. In Fig.3.6, the learning curves are plotted and it
can be seen that the multistage networks converge faster than its single-stage
counterpart.

Secondly, time series prediction is simulated for comparison with some other
FNN and neural network models. Let x(¢),r=1,2,---,be a time series, the prediction
problem can be formulated as to determine the mapping from
[x(t =(m=1)6),---, x(t =5), x(t)]e R™ to x(t+])eR. Here we use the well-known

Mackey-Glass time series generated from the following delay differential equation:

2x(r -
(1) = 0 .To( r) -0.1x(r) 3.27
t+x"(t-1)
: Model
Weight oo Displacement Acceleration %% Horse

Cylinders Power

T

y(l) y(2) MPG
Stage1 ——— Stage2 — Stage3 ——

Fig 3.5 Mamdani IFNN Structure in MPG Prediction
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Higher values of r yield higher dimensional chaos. In our simulation, the series is
chosen with r=30. Fig.3.7 shows 1200 points of Mackey-Glass time series. We
choose m=6, §=6, and /=6. 1200 data pairs are extracted with the following
format: [x(¢-30), x(¢-24), x(t-18), x(t-12), x(¢-6), x(¢); x(¢+6)] where =130 to 1329, this

corresponds to a 6-input 1-output mapping problem.

Table 3.2 Performance Comparison of Mamdani IFNN Model with Its Single-

Stage Counterpart in MPG Prediction

Single-stage Mamdani IFNN
FNN Stage 1 | Stage 2 | Stage 3
Number of Fuzzy 51 (64) 44) 8(8) 8(8)

Rules'

Number of Adjustable 34 (34) 12(12) | 16(16) | 18(18)
Parameters’

Number of pairwise 255 (320) 4 (4) 16 (16) | 16 (16)
T-norm operations'

Number of pairwise 46 (59) 2(2) 6 (6) 5(5)
t-conorm operations’’
RMSE after 1000 2.4082 2.2715
epochs
Testing RMSE 2.9901 2.6419

+ The bracketed values correspond to network before rule deletion, i.c.. fully connected or
complete rulcbase

* The exact number of pairwise r-conorm operations depends on the ruleset found. The

. : & k k ,
minimum and maximum number are equal to N; ' = N{*) and N{*) —1 respectively and

only the minimum values are listed here.

To construct a Mamdani IFNN, the importance degree of each of the six input

variables was computed and listed as follows:
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X

x(¢-30)

x(1-24)

x(2-18)

x(t-12)

x(t-6)

x(1)

Impo(x;)

0.247

0.332

0.072

0.11

3 0.056

0.180

It is found that x(t-24) and x(¢-30) are two most important input variables and

impo(x(t-24)y+ impo(x(t-30))=0.579. Using the input selection method proposed in

Section 3.3 with the threshold chosen as 7;=0.5, the incremental architecture can have

x(-24) and x(¢-30) being assigned to the first stage as inputs. For the other four input

variables, x(¢-12) and x(} are put to the second stage; x(:-18) and x(¢-6) are put to the

third stage as shown in Fig.3.8. Such a decision was made by re-normalizing the

importance degree and using the threshold 7,=0.5.

16

14f
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sl
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04|
azf

Fig 3.7 Mackey-Glass Time Series (From t=130 to t=1329)
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Fig 3.8 Mamdani I[FNN Structure in Mackey-Glass Time Series Prediction

To demonstrate the generalization ability of Mamdani IFNN and its single-stage

counterpart, two training data sets were prepared in this simulation. They correspond to

a small one which contains 200 data pairs from t=501 to t=700 and a comparatively
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larger one which consists of 700 points of the series from t=130 to t=829. For both of
these two training data sets, a testing data set consisting of five hundred points from
t=830 to t=1329 were prepared. In Table 3.3, the performance of the proposed
Mamdani IFNN model is recorded and compared with that of its single-stage
counterpart, i.e., Lin and Lee’s model. The comparison has been divided into six
indices (rows) of which the first four correspond to the resources used and the last two
relate to the prediction performance. Depending on the number of fuzzy terms (or
partitions) adopted by each variable, the resources used will vary. Generally speaking,
using more terms will result consuming more resources. Here for the incremental

architecture, we have set the number of fuzzy terms as follows:

x(1-30) x(£-24) y‘ h x(¢) x(£-12) ,V( 2 x(+-18) x(1-6) x(1+6)

18]
w

3 3 2(2) 2 2 2(2) 2

where the bracketed value of the intermediate variable y**' (k =1,2) is the number of
terms used when it is used as an input argument in stage k+1. According to this setting,
the number of (single-stage) fuzzy rules in stage I, 2, & 3 of the incremental
architecture is equal to 3x3=9, 2x2x2=8, and 2x2x2=8 respectively. On the other hand,

the number of adjustable parameters in stage 1, 2, & 3 will be equal to (3 terms per
input x 2 inputs + 2 terms per output x | output) x 2 parameters (for m'*’ and o/*’) =

16 parameters, 16 parameters, and 22 parameters respectively. To maintain similar
number of adjustable parameters (50 vs. 16+16+22=54) and to make the corresponding
number of rules as small as possible, we have adopted the same setting in Lin and Lee’s
model except the number of fuzzy terms for the output variable is set as 11. From Table
3.3, it can be seen that the proposed Mamdani IFNN model uses much less fuzzy rules
than its single-stage counterpart. Furthermore, the number of ¢-norm and t-conorm

operations has been reduced significantly. On the other hand, it is found that the [FNN
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model performs better, in terms of training and testing RMSE, than Lin and Lee’s
model. Furthermore, they show better generalization ability in the small training data
set. The testing results of the IFNN model with small and large training data sets are
shown in Fig 3.9.

In [72], the authors used an ART-based FNN model to predict the same time series.
They chose m=9, 6 =1, and /=1. The performance of some other FNN and neural
network models was also reported, see Table 3.4. It can be clearly found that our
proposed Mamdani [FNN model has better performance than the listed methods in the

term of RMSE despite the size of training data set is large or small.

Table 3.3 Performance Comparison of Mamdani IFNN Model with Its Single-Stage

Counterpart in Mackey-Glass Time Series prediction

Single-stage FNN Mamdani IFNN
Number of Fuzzy 144 9 8 8
Rules
Number of adjustable 50 16 16 22
parameters
Number of pairwise 720 9 16 16
r-norm operations
Number of pairwise 132 7 6 3
f-conorm operations‘
RMSEafler 1000 | 445340 [0.02587 |  0.0250 0.0251"
epochs
Testing RMSE 00359 |005927| 00258 0.0430"

+ 200 training data pairs are used.

* Same meaning as which in Table 3.2
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Fig 3.9 Simulation Results of Mamdani [FNN Model in Mackey-Glass Time Series
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Table 3.4 Performance Comparison of Various Rule Generation Methods in Mackey-

Glass Time Series prediction ( 7 = 30) [72]

Kosko(AVQ) Kosko(AVQ)
FALCON-ART Wang & Data Without With
Mendel distribution backpropagation backpropagation
UCL | DCL | UCL | DCL
Rule number’ | 22° | 30 121 118 100 100 100 100
RMSE 0.08' | 0.04 0.08 0.08 0.17 0.2 0.09 0.09

*200 training data pairs are used. *700 training data pairs are used.

3.5 TSK IFNN Model and Its Learning Algorithms

In this section, another IFNN model based on TSK fuzzy inference is proposed.

Similar with Mamdani [FNN, it also contains single-stage FNN’s as reasoning modules.

Each module is based on Jang’s ANFIS [50] shown in Fig.2.7. It is then termed as TSK

{FNN [18], see Fig.3.10. The realized fuzzy rules have the form as eq.(3.2). The

learning algorithm is also a hybrid one.

In the learning phase 1, the consequent

parameters are evaluated by using LSE algorithm. In the learning phase 2, the premise




Chapter 3: Multistage Fuzzy Neural Networks: Incremental Ty §Y 60

parameters are updated by back-propagation.
3.5.1 Network Structure

The module of TSK IFNN is firstly described in a MSFR manner. In the
following descriptions, f,.,(}‘) represents the output of the ith node in jth layer of stage &
u,",‘ ) denotes the /th input of a certain node in ith layer of stage k (the node identities are
dropped for presentation clarity). The total number of nodes in the Jth layer of stage k is

specified by N j(."). The total number of fuzzy rules in stage k is denoted as N ®

Stage k+1 xl(*”)

Layer 2

Layer 1

Fig 3.10 TSK IFNN Model Structure

Layer I: Each node in this layer corresponds to a membership function of ordinary

system inputs and input from previous stage. The bell-shape membership function is
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adopted here.
G B ety
fP=e @ yi=12,. N® (3.28)
where m*'s and o!*"'s are, respectively, the center and width of a bell-shaped

membership function for node i and u}’ can be x*' or y*"(k >1). Since each node

in layer | only contains one input, so u 'is simply written as u“”. The premise
parameter set is defined as:
S =(m*,6® |Vk =1 M,i=1- N} (3.29)

Layer 2: The output of each node in this layer represents the firing strength of a rule and

the production is chosen as a T-norm operator.

2,
S8 =TTw®) vi=12,--- NP (3.30)

1=l
Here, p, denotes the number of preconditions in rule node i.
Layer 3: Each node in this layer calculates the ratio of the ith rule’s firing strength to the
sum of all rules’ firing strengths. Therefore, the number of nodes in this layer is the

same as in layer 2.
)
f‘:) =
i, (k)
Sl

Layer 4: The output of each rule is computed in this layer. In stage k=1 where no

Vi=12,---,N® (3.31)

intermediate variable appears, the function has the form:

W =y cOx® 1 0) i =12, N (3.32)
J=l
and when £>1:
B =u® (Zc‘“ Wac® y* 4 ey Yi=12,--,N® Wk > 1 (3.33)

J=l

where the consequent parameter set is:
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SE ={cM k=1, \M,j=0,---,n,,i=1,---, N} (3.34)

Layer 5: The final output is computed by summing the outputs of all rules.

vm

") _ Z“;.? (3.35)

1.5
1=

3.5.2 Learning Algorithms

The learning algorithm of TSK IFNN is also a hybrid one containing two learning
phases, i.e., LSE and back-propagation learning phase. In [50], LSE algorithm is firstly
applied to evaluating the optimal values of all consequent parameters of ANFIS because
the system output is a linear combination of all these consequent parameters. It is found
from eq.(3.32) and eq.(3.33) that the output of each single-stage module is also a linear
combination of its consequent parameters. Given a set of training data pairs and set the
desired output of each single-stage module as same as the final system output, the
consequent parameters of each module can be evaluated using eq.(3.8) or eq.(3.9).
Consider a training data set consisting of p sample pairs as eq.(3.3) , the LSE training
process is presented below:

Step 1: Initialization

a) Divide the input variables into M subsets {x;*’, x{",... x|k =1,---, M } according to
the input selection method proposed in Section 3.3, each of them attached to an
individual stage of the network. Set the stage index k= 1.

b) Initialize appropriate membership function parameters. The membership function
parameters of all intermediate variables are fixed according to the final outputs
¥(t)'s. Such arrangement is based on the rationale that each stage is expected to
produce an approximate system output with the current inputs and output from the

previous stage.

Step 2: Applying LSE to stage k.
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Treating the consequent parameters cjf,"s as unknown parameters and write eq.(3.32)
(when k=1) or eq.(3.33) (when k>/) as matrix form, the desired value of y'* s set as
the value of the final output y, Then cﬁf,"s can be evaluated using eq.(3.8) or eq.(3.9).
Step 3: Forward computation:
The output of stage k, y'’, can be derived with the evaluated ¢*''s.
Step 4: Termination:
k=k+1; If k<=M, go to step 2. Otherwise, the LSE training process stops.

Afier the LSE training phase, back-propagation algorithm is used to fine-tune the

fixed premise parameters and evaluated consequent parameters together to further

improve the system performance. The detailed formulations are given in Appendix B.
3.5.3 Simulations

In this section, MPG prediction and Mackey-glass time series prediction problems
are chosen for testing the performance of the TSK IFNN model. In solving MPG
problem, the model structure is as same as Fig.3.5 and the number of partitions of all
input and intermediate variables is set as 2. After LSE learning phase and 100 epochs
of back-propagation, the models are tested using the testing data set. The performance
can be found in Table.3.5. Note that if the single-stage counterpart, ANFIS, is used, it
requires at least 64 fuzzy rules, 64x(6+1)=448 consequent parameters and 6x2x2=24
premise parameters. It can not be used to do MPG prediction because totally there are
only 392 instances. In [51], Jang used ANFIS with only two most important input
variables, “Weight” and “Model Year”, to predict MPG and the other 4 inputs were
ignored. The reported training and testing RMSE is 2.61 and 2.98 [51], respectively.
The TSK IFNN model has better performance than ANFIS in [51] in terms of RMSE in

MPG prediction.
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Table 3.5 Performance of TSK IFNN Model in MPG Prediction

Stage 1 Stage 2 Stage 3

Number of Fuzzy Rules 4 8 8

Training RMSE 1.9650

Testing RMSE 2.4559

The Mackey-Glass time series prediction is also used for testing the performance
of the proposed TSK IFNN. The model structure is as same as in Fig.3.8. The partition
of each input and intermediate variable is set as 2. After LSE learning phase and 100
epochs of back-propagation with 200 and 700 training data pairs individually as in
Section 3.4.3, the testing results of TSK IFNN model is shown in Fig.3.11. Jang’s
ANFIS, is also simulated for comparison. The comparison is listed in Table.3.6. Note
that we do not use the small training data set for ANFIS because it has more than 400
adjustable parameters. As to the simulation results, the TSK IFNN uses much less fuzzy
rules and adjustable parameters than ANFIS. Furthermore, the performance in term of
RMSE is almost the same as ANFIS when there are 700 training samples presented.
Additionally, the TSK IFNN model shows good generalization ability even when there

are only 200 training samples available.
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Fig 3.11 Simulation Results of TSK IFNN Model in Mackey-Glass Time Series
Prediction (a) 200 Training Data used (b) 700 Training Data used

To compare the generalization ability further, we use the time series prediction
when t =17 as another example. In this case the time series prediction parameters are
setas m=4, 6=6,and / =6. So there are 4 input variables and one output variable. If
each input is divided into 2 fuzzy partitions, then ANFIS will have 16 fuzzy rules,
16x(4+1)=80 consequent parameters and 16 premise parameters [50]. We use a small
training set containing 150 training samples from =100 to ¢ =249 and a testing set
containing 300 data pairs from ¢ =250 to +=549. So it is possible to train ANFIS
using this small training data set. Using the input selection method. a three-stage TSK
IFNN model is determined. After LSE learning and 100 epochs back-propagation, the
learning performance in term of RMSE of ANFIS and TSK IFNN is 0.00145 and 0.0125,
respectively, but the corresponding testing RMSE is 0.2154, 0.0212, respectively. The
testing results are graphically depicted in Fig.3.12. It has been found that the IFNN
model still produces correct outputs while ANFIS fails to do so when both of them are

trained by a small data set.
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Table 3.6 Performance Comparison of TSK IFNN Model with ANFIS in Mackey-Glass

Time Series Prediction

TSK IFNN Model
ANFIS
Stage 1 Stage 2 Stage 3
Number of
Fuzzy Rules 64 4 8 8
Number of 448+24 12+8 32+12 32+12
Adjustable
Parameters =472 =20 =44 =44
Training 0.0005 0.0170 (0.0071"
RMSE
Testing 0.0157 0.0133 (0.0284")
RMSE
t 200 training data pairs are used.

L L L L A L A 'l A P | i

250 300 350 400 450 S00 550 250 300 350 400 450 500 550

(a) ANFIS (b) TSK IFNN

Fig 3.12 Testing Results in Mackey-Glass Time Series Prediction (t=17)

** Notes: In our simulations, it is found that TSK IFNN has better generalization
ability than ANFIS when the training data is limited. ANFIS, however, performed
satisfactory results when it was applied to low-dimensional problems with sufficient
training stipulated data pairs. Its worse generalization ability than IFNN is not
caused by ANFIS itself, but no sufficient examples available. We use ANFIS with
only two inputs in MPG prediction also due to this point. The training examples in

MPG are quite limited, so ANFIS with totally six inputs is not applicable. That is
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also part of our motivations to develop FNN models with multistage/hierarchical
structures. The above discussions are also made for comparisons of ANFIS with

TSK AFNN proposed in the next chapter.

3.6 Performance Comparison of Different IFNN Structures

In the previous sections, we construct IFNN models using a new effective input
selection method and the constructed IFNN models are found superior to their single-
stage counterparts in various aspects. Obviously there are many possible IFNN
structures for the same problem, e.g., arranging the input variables randomly in different
stages. A question arises, i.e., do different IFNN structures affect the system
performance? For example, will there be a remarkable increase in term of RMSE if the
IFNN is randomly constructed instead of using our input selection method?

The answer should be positive. Firstly, the rationale behind our input selection
method is that human beings usually consider the most important factors (inputs) first
and then the approximate decision can be fine tuned by considering the other less
important factors. Our method is close to human being’s real life reasoning mechanism.
This point has also been confirmed by the other researchers, see [92].

Secondly, we would like to experimentally show that different IFNN structures
bring with different system performance in term of RMSE. Here we use the unmanned
vehicle control problem as an illustrative example. This problem was conceived by
Sugeno and Nishida [101] and used in [73] as a test bed of Lin and Lee’s FNN model,

see Fig.3.13. Its goal is to make appropriate rectangular turns for an unmanned vehicle.
There are three input variables {x,,x,,x,}, where x, and x, represent the distances of
the car from the boundaries of a track at the comer and x, is the current steering angle.

The output variable y is the next steering angle. In our simulations, we had picked 8
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different paths from which 400 training data pairs were collected.

x1

b 4
I x0 x2

Fig 3.13 Control of an Unmanned Vehicle

Obviously we can have three IFNN structures for this particular problem having
three input variables:

» Case l: x, and x, in the first stage, x, in the second stage.
» Case2: x, and x, in the first stage, x, in the second stage.

#»  Case 3: x, and x, in the first stage, x, in the second stage.
By using the importance analysis method in Section 3.3.1, the importance degrees

of three input variables {x,,x,,x,} are obtained as {0.1368, 0.1021, 0.7611}, i.e., x, is

the most important input variable and x, is the least important one. According to our
IFNN construction method, case 1 is our choice.

Simulations have then been conducted by defining the input and intermediate
variables with the same number of fuzzy terms for all these three IFNN cases and using
the same learning rate. The performance of different [FNN models is reported in the

following table:
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RMSE Mamdani Type TSK Type
IFNN Case 1 0.0285 0.0197
[FNN Case 2 0.0307 0.0235
IFNN Case 3 0.0458 0.0351

Single-stage FNN 0.0698 0.0106

It is found that IFNN case 1, which corresponds to our input selection method, has
the least RMSE value among all three possible IFNN structures. We also compare
[FNN models with their single-stage counterparts, i.e., Lin and Lee’s model and ANFIS
written as Mamdani and TSK type single-stage FNN respectively. The simulation
results show that all three Mamdani IFNN models have better performance than Lin and
Lee’s model. Even ANFIS has a little bit better performance than TSK IFNN models, it
used much more resources (fuzzy rules and adjustable parameters) than TSK IFNN

models.

3.7 Chapter Summary

In view of the fact that human being’s memory is hierarchically organized, a
MSFNN model with incremental structure, IFNN, is proposed in this chapter. It can
address the dimensionality fundamentally and realize comprehensive MSFR. The
incremental structure can be decided using a novel and effective input selection method.
This method does not need any priori expert knowledge whereas the other fuzzy
modeling methods usually require this. It is based on the rationale that people may first
consider some important factors and then consider some less important factors in the
real life reasoning. The proposed input selection method can evaluate the importance
degree of each input variable only through one pass of the given training data set. By
treating Lin and Lee’s FNN model and Jang’s ANFIS as reasoning modules, the model

can implement Mamdani or TSK fuzzy inference in an incremental manner. The
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learning algorithms have also been developed and complete appropriate muitistage
fuzzy rule sets can be learned from a set of training data pairs.

Extensive simulations have been done to show the good performance and some
potential advantages of the proposed IFNN models. It is concluded from the
simulations that IFNN has better learning ability and faster convergence speed than its
single-stage counterpart. Furthermore, the proposed model saves much more resources
(e.g., fuzzy rules, fuzzy T-norm and T-conorm operations, etc.) than its single-stage
counterpart, too. The good generalization ability of IFNN has been found, i.e., it shows
good learning ability even when it is trained by a small data set while its single-stage
counterpart fails to do so. We also experimentally show the validation of our input

selection method.
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Chapter 4

Multistage Fuzzy Neural Networks:
Aggregated Type

4.1 Introduction

From the system point of view, a fuzzy system represents a functional mapping
from a set of inputs to an output. As pointed out in Chapter 3, each input variable has
certain contribution to the output and such kind of contribution can be measured with its
corresponding importance degree. In real applications, it is very common that the
importance degree of an input variable is not only related with the value of itself but
also related with the values of some other inputs. In other words, we can say that input

is “coupled” with those other inputs.
Let us consider a nonlinear function y = x,x, + x,x, as an example. It may help
to illustrate the physical meaning of such a “coupling” case even though it has quite

simple function type. Suppose that each x, is drawn from the interval [0, 1] and write
the importance degree of each x, as impo(x,), it can be easily concluded that
impo(x,)=impo(x,) in the sense of statistics. But the value impo(x,) goes with the
value of x; at a certain point. For example, impo(x,)achieves its minimum and
maximum when x, =0 and x, =1, respectively. This conclusion also works for x, and

x,. In view of this fact, the problem can be decomposed and the below simple network
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in Fig.4.1 can be used to solve it. A 4-input system is then decomposed into two 2-

input ones and hence the problem complexity is simplified.

xl
o I
x!
+ —
xJ
| [1
x4,

Fig 4.1 A Simple Decomposition Network Structure

The real world applications are always very complex. A complex system can not
be directly decomposed into simple summations or productions of input variables as in
Fig.4.1. Furthermore, the “coupling” case may also be very complex instead of simple
production relation as in the above example. It has been proved that FNN is universal
approximator of any nonlinear function with arbitrary accuracy [112]. Complex
problem can be dealt with by replacing the “I1” and “+" processing units with FNN
models. The MSFNN is then termed as Aggregated Fuzzy Neural Network (AFNN).

In addition to reason incrementally mentioned in the last chapter, it is also quite
natural for us to solve a complex decision making problem in a mixture-of-expert
manner. That is, one may first reason some sets of correlated/coupled factors
independently and then make the final decision based on the opinions suggested. As
mentioned in the introductory section, this is similar to the rationale behind the recent
research works in classifier combination [58], mixture of experts modeling [49], and
bagging [6]. In our context, AFNN model as exemplified in Fig.4.2 can be constructed
for such a reasoning mechanism. Again, we need to know how to assign the inputs to

different sub-stages. In this regard, an efficient method to analyze the coupling between
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any two input variables is devised and proposed below.

To construct an AFNN model for a specific problem, the first step is to find the
above internal relations, ie., the “coupling” case existed among the inputs.
Unfortunately, no theoretical analysis of such a “coupling” case has been proposed,
even the definition cannot be found in the literature. To address this problem in a
theoretical way, we give out the definition of “coupling” variable in this chapter. A
novel and efficient input selection method is afterwards proposed based on the analysis
of “coupling” degree between any two input variables. The AFNN structure can be
determined using this input selection method.

Similar with the IFNN model in the last chapter, each single-stage module is
based on Lin and Lee’s FNN or Jang’s ANFIS to implement Mamdani or TSK fuzzy
inference. The resulted AFNN model is then called as Mamdani AFNN or TSK AFNN
model. The learning algorithms of both of them have also been presented to support the
proposed model to learn fuzzy rules from training examples. [llustrative examples have
been given to show the validation of the input selection method. Compared with their
single-stage counterparts, the proposed AFNN models show good learning performance,

effectiveness of used resources, and fast convergence.
4.2 Aggregated Fuzzy Neural Network Structure

The typical AFNN structure is depicted in Fig.4.2. There are totally two
reasoning stages involved and stage 1 contains M sub-stages. Each sub-stage in stage 1
corresponds to a single-stage FNN module and stage 2 is an individual single-stage
FNN module, too. The input variables are divided into M subsets using an input
selection method which will be presented later, i.e., x*®'s(k =1,---, M), where each of

them is fed to one sub-stage of stage 1 as input variables. The corresponding output,

y* (k =1,---,M), is the intermediate variable which is acted as the output of sub-stage
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k in stage 1 as well as the input argument of stage 2. The final output y**" is then

derived by reasoning in stage 2 with all intermediate variables.

Fig 4.2 AFNN Basic Structure

In Mamdani AFNN model, the jth rule in sub-stage & of stage 1 will have the form:

Rule"’:IF (x"' is 4/ ---and x*" is A" ) THEN y* is B 4.1

(3
and the ith rule of stage 2 is described by:
Rule,: IF (y"is B" ---and y'*" is B**") THEN y‘¥*" js B*¥*" (4.2)

For clarity of presentation, the denotations in eq.(4.1) and eq.(4.2) are listed below:

%  x™*: The ith input variable in sub-stage k in stage 1.

©  A"): The fuzzy term of the ith input variable appearing in the jth rule of sub-
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stage k in stage 1.

% n,: The number of input variables used in sub-stage & in stage 1.

y™: The single output variable in sub-stage & in stage 1.

“  B™: The fuzzy term of y¥’ appearing in jth rule of sub-stage k in stage 1.
«  B™: The fuzzy term of y**’ appearing in ith rule of stage 2.

< B™*": The fuzzy term of y**" appearing in ith rule of stage 2.

In TSK AFNN model, the jth rule in sub-stage k& of stage | will have the form:

My
K)o 1r (o) 1o g ) (K) 5o g(h) *) =N b))
Rule” :If (x," is A} ---x; " is A, ) THEN y* = E C,, X +Cg,) (4.3)
=]

and the jth rule of stage 2 can be described by:

.

M
Rulej :]f(y(l) iSB;” . ,y(.m is B;'")) THENy(.\M) = ZC(AM)y(t) +c(().:h|) (4‘4)
1=l

(k) » (M+1)

Here real numbers ¢, s, ¢,/ "’ ’s are consequent parameters in sub-stage & in stage 1

and stage 2, respectively. Since the output of each stage in TSK AFNN is crisp instead
of fuzzy, the defuzzifier in Fig.4.2 is not necessary.
The fuzzy rules in eq.(4.1) to eq.(4.4) are also a special case of general MSFR

rules given in eq.(2.25). AFNN implements a two-stage fuzzy inference based on the

intermediate variables y'*"'s(k =1,---,M). As in IFNN, the total number of fuzzy rules
is a linear or a nearly linear instead of an exponential function of the number of inputs.
An example is illustrated in Fig.4.3 where the total number of fuzzy rules increases
from 4 (9) to 16 (45) as number of inputs increases from 2 to 5 when each input variable
contains 2 (3) fuzzy terms (partitions). Compared with Fig.2.8, it is clearly found that
the structural dimensionality is well addressed. Note that only the most parsimonious

case, where AFNN contains the least number of fuzzy rules, is considered in Fig.4.3.
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The number of consequent parameters in TSK AFNN is illustrated in Fig.4.4. The

parametric dimensionality is also well addressed by comparing with Fig.2.9.

50
45
5_2 40
@ 35
a- 10 O Partition of each input
N variable is 2
i 25 - =
S @ Partition of each input
§ 20 - variable is 3
15 -
5
3 10
5
o E.
4 5
Number of Input Variables

Fig 4.3 Addressing Structural Dimensionality Problem with AFNN

O Partition of each input
variable is 2

@ Partition of each input
variable is 3

Number of Consequent
parameters

Number of Input Variables

Fig 4.4 Addressing Parametric Dimensionality Problem with AFNN

4.3 Input Selection Method

4.3.1 Analysis of the Coupling between Any Two Input Variables

Fuzzy system has been proved to be a universal approximator for any nonlinear
functions with arbitrary accuracy [112]. In real applications, there are such kind of

nonlinear functions that some input variables are “coupled” with each other, e.g., the
function f(X)=sin(x,x,)+ x,x,, where the input x, is “coupled” with x, and x; is

“coupled” with x,. If an AFNN is used to approximate this nonlincar function, then the
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optimal structure could be to assign x, and x, in a sub-system, and to assign x, and x,
in another sub-system. Thus, the complexity of the problem could be reduced
substantially. Unfortunately, not too much, if no, theoretical analysis of the “coupling”
between input variables has been proposed. Furthermore, a formal definition is still
lacking. In this sub-section, the definition as well as the analysis of the “coupling”
between any two input variables are proposed and the results will be used to determine
the architecture of AFNN models.

Definition I: Given a n-input-1-output function f(X)= f(x,,x,, -,x,) that is second-

order differentiable, the coupling degree between any two inputs x, and x L (i2))

when x, =q, and x, =aq, is:

coup(xl =d, X, = al) = ai-éi 4.5)

V] P
Definition 2: The input variable x, is coupled with x, (i# j) if and only if there exist
at least one g, and a, in the definition field of f(X) that coup(x, =a,,x ,=a,)#0.
Usually the function f(.X) is unknown and only a set of p data pairs of the form
like eq.(3.3) is available. To compute the coupling degree between any x, and x , over

the whole data set, the following algorithm is applied. To make the algorithm efficient,
we propose to take the mean value of the coupling degrees at some chosen sampling
points, rather than all the data points, as the coupling degree over the whole data set.

Step I: Set the number of sampling points as N, =1 as the index of the sampled points.
Suppose that each input vector [x,,,---,x,,,]” €[0,1]".
Step 2: Choose an input vector [xk,_l,"-,x,,'ﬁ]r from the available p data pairs randomly.

The following equation can be derived based on Taylor Series Expansion:
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z d
Y= f(xk"l,...,xk’,,)a-z:(x,', —-X;, )axi

1=] i

l n n . aZf
+— X, —X §— +r
2 g;( 14 L ax’axl I

7] ﬂ"'y ’

2%, ,

vi=12,-,p (4.6)

Ox,Ox

=5, , L

By ignoring the higher-order residual r and treating ng;

1

as

2= 0

xI-""LI
unknown parameters, eq.(4.6) can be rewritten as a linear matrix function of the

unknown parameters. Using eq.(3.8) or eq.(3.9), the value of each coupling degree

2
)= ﬂ can be obtained.
) ox,0K 5,5, .

X, I.I’,' J

coup(x; =x; ,,X, =X,

Step 3: Sett=t+1. If t <N, go to step 2. Otherwise, go to step 4.

Step 4: Compute the mean of the coupling degrees obtained in Step 3 and let it be

N
cp,, = %Zcoup(x, =X, ,.X, =x; ). The coupling degree between any two inputs x,

1=l

and x, over the whole data set, denoted as coup(x,,x , ), can be approximated by:

<P,

_Py 4.7)
max (cp, ;)

coup(x,,x,)=

Note that the coupling degree of each variable with itself, i.e., coup(x,,x,), is always
assumed to be ! and will not be involved in the computation of eq.(4.7).

Definition 3: The coupling matrix is a nx n matrix [c and:

ij ]mn

1 ifi=j
c,; =11 if coup(x,,x,)2T,,i# 4.8)
0 if coup(x,,x,)<T,,i#j
where T is a fixed threshold. The problem can be simplified by eliminating the weak

coupling information with a suitable chosen 7, without much loss of information. The

coupling matrix can be used to represent the coupling status between any two input
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variables. x; is coupled with x, ifand only if ¢, , =1 and it is written as x,COUPx, for
simplicity of presentation. Note that if x,COUPx, then there must be x ,COUPx, since
the coupling matrix is symmetric. Furthermore, an input variable x, is a coupling
independent variable if x, is not coupled with any x,(j #1), i.e., when c, ;=0 Vi,
Taken the nonlinear function in eq.(3.11) as an example, a data set of 1000 pairs is
produced and the inputs are drawn from a uniform distribution over the S-dimensional

unit hypercube. Using the above analysis method, the coupling degree between any two

input variables is listed in the following table.

X, X, X; x, X5
) _ 1.0000 | 0.0022 | 0.0049 | 0.0038
%2 | 1.0000 . 0.0020 | 0.0026 | 0.0005
%3 1 0.0022 | 0.0020 . 0.0020 | 0.0028
X+ | 0.0049 | 0.0026 | 0.0020 _ 0.0017
*s | 0.0038 | 0.0005 | 0.0028 | 0.0017 _

The following coupling matrix can be determined by choosing the threshold 7C=0.1

(Note that every input is assumed to be coupled with itself).

1 1000
1 1000
COUP=|0 0 1 0 0
00010
0 0 00 1]

From the coupling matrix, it is found that the input x; is coupled with the input x, and
the other 3 input variables are coupling independent variables. It coincides with the

original 5-dimensional function.
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4.3.2 AFNN Construction Algorithm

Based upon the coupling analysis method described in previous sub-section,
AFNN architecture can be constructed as follows. As shown in Fig.4.2, there are two
reasoning stages involved. Stage 1 contains M sub-stages and each sub-stage is a

single-stage FNN module. Stage 2 is also a single-stage FNN module and it takes use
of the outputs of each sub-stage in stage 1, i.e., ¥, y®,....y™ as input arguments.
The output of stage 2, y“'*", is the final system output. Obviously, such an
arrangement can be extended to cater for more stages as exemplified in Fig.4.5.
However, for the sake of presentation clarity, two-stage AFNN model is assumed below

and the algorithm proposed can be generalized to handle more stages in a

straightforward manner.

Step 1. Initialization:

a)  Put all the indexes of input variables into a set S, i.e., S ={1,2,---,n} for an n-
input-1-output system.

b) Let k=1 and create a set S, =®. The set S; will be used to store the indexes of
input variables assigned to sub-stage k.

Step 2: Forming a sub-stage:

a) Ifall ¢, 's (i# ) of the coupling matrix are equal to zero, set k =k -1 and go to
step 4; otherwise form a sub-stage by choosing one ¢, =1(i# j) and put the
variable indexes i, j in the current set, i.e., S, = {i, j}.

b) Setc, =0 and c;, =0 to indicate that this coupling information has already been

taken into considerations.

Step 3: Adding coupled input variables:
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a)

b)

c)

Search for an ie{S~S§,} such that ¢,, =1 VjeS,, i.e, it is coupled with all
input variables in S, .

If found, set c,, =c;, =0 VjeS, to indicate that the corresponding coupling
information has been used and S, =S, +{i} to add input variable i to the current
sub-stage.

Repeat step 3 until no more coupled input variable is found. Set k =k +1, create

anew set S, =@, and go to step 2.

Step 4: Dealing with coupling independent variables

a)

b)

Each obtained set S,(i=1,---,k) corresponds to a sub-stage in stage 1, e.g., the
inputs of sub-stage 1 and 2 are {x,x,,x;} and {x,,x;} respectively if

S, ={123}, S, ={4,5} and k=2.

k
Createanew set S,,, =S —US, . If S, = ®, then there exist coupling independent
1=l

variables. They can be arranged in one or several sub-stages flexibly in order to

reduce the total number of fuzzy rules in the constructed AFNN.

)
X, —>
v Stage #1
: Substage 1
x,‘,"’ — I
Stage #2
—; Substage 1
x B —>
1. Stage #1 :
: Substage 2 > Yy
X — Stage #3 —>
|
—_ > !
: !
) f Stage #2 |
—_— Substage N
x( M)y
b Stage #1 —_—
. Substage M
i

Fig 4.5 Three-stage AFNN Model Structure
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Unlike [FNN, stage 2 of the AFNN model contains all outputs from stage 1, so
stage 2 may also suffer the dimensionality problem if it has too many input arguments.
In this case, the algorithm above can be applied recursively to construct networks with
more than two stages. For example, an AFNN mode with three stages is shown in Fig

4.5.
4.3.3 Computational Complexity Analysis of AFNN Construction

Aggregated structure is also a typical hierarchical structure as incremental one in
the last chapter. There have been some attempts to propose different methodologies on
finding an optimal aggregated structure for a high-dimensional problem. As we stated
in Section 3.3.3, heuristic searching methodologies become complete/exhaustive
searching ones and genetic algorithm is also computational intensive when it is dealing
with a high-dimensional problem. To construct an optimal or sub-optimal AFNN with
n input variables, the computational complexities of various methodologies are
discussed as follows:
< Complete/exhaustive searching methods: If only a simple case is considered, i.e.,

each sub-stage in stage 1 contains two input variables (if n is not even. then there is
one sub-stage having a single input), then there are totally CixC!?x:..xC?
possible AFNN structures. Suppose that the CPU time required for one pass of all
data pairs is 7;, then complete/exhaustive searching method need CPU time as
>>CyxCy™? x-+-xC; xT, since there are many other possible AFNN structures

should be considered except this simple case.

% Genetic algorithm: Suppose the population size is p, the generation number is g,

and each generation uses 7, CPU time, then genetic algorithm needs CPU time as

pxgxT,.
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< Our input selection method: Suppose the CPU time needed for one pass of data set

using LSE is T; and the number of sampling data points is N (10> N >5), then our
input selection method needs the total CPU time as N x T, .

Specifically, we have T; > T, > T, as stated in Section 3.3.3.

4.4 Mamdani AFNN Model and Its Learning Algorithms

In Mamdani AFNN, each single-stage module is based on Lin and Lee’s single-
stage FNN model [73]. The single-stage module structure will not be repeated in this
chapter because it is similar with which in Section 3.4.1. The learning algorithms

containing two phases are presented below.
4.4.1 Learning Algorithms

As in Mamdani IFNN, the learning algorithm of Mamdani AFNN model also has
two phases, i.e., structure learning phase and parameter leaming phase. Since the
objective of each reasoning sub-stage in stage 1 of the Mamdani AFNN model is to
produce outputs as close to the desired ones as possible, the desired output of each sub-
stage is as same as the final output. So the original competitive learning phase can be
adopted and applied in each sub-stage in stage 1. After the fuzzy rule set of each sub-
stage is determined, the rule set of stage 2 can be decided using the outputs of all sub-

stages as input arguments. Consider a training data set that contains p sample pairs as
eq.(3.3) and define w,f,.“ as the interconnecting weight between the ith node of layer 3

and the jth node of layer 4 in sub-stage & in stage 1. The structure learning phase is
listed below:

Step [: Initialization

a)  Set the links between layer 3 and layer 4 in all sub-stages of stage 1 and stage 2
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fully connected, initially all w*) s are assigned as very small random numbers in
order to guarantee the convergence of the competitive learning algorithm.

b) Letr=l, k=1, and s=] where s denotes the index of iterations.

c)  Divide the input variables into M subsets {.t,"",xg"’,...,x,‘,f k=1, M } according
to the coupling matrix, each of them attached to an individual sub-stage in stage 1.

d) Initialize appropriate membership function parameters.

Step 2: Weight Updating

a) If k<=M, input x{*',x{", .. x¢* for the current training data pair to layer 1 of

sub-stage &, otherwise input y",---, y*) to layer 1 of stage 2.

b) Input Y(t), the desired output at time s, to layer 5. With layer 4 and layer 5

operated in the up-down transmission mode, compute the backward output —,"f g
for Y(t) as eq.(3.18) and eq.(3.19).

c)  Update the interconnection weights between layer 3 and layer 4 by competitive
learning rules as eq.(3.20).

Step 3: Stage Termination

a) Sett=t+/. It t> p, then increase the iteration index s by 1 and set r=1.

b) If s is greater than the maximum allowable number of training iterations, go to

next step. Otherwise, go back to step 2.

Step 4: Link and Rule Deletion

a)  Among the links between the ith rule node of layer 3 and the nodes in layer 4,
keep the link with maximum w!"’ value and delete all the other links. Thus, only

one term of the output variable can become the consequence of a fuzzy rule.
b)  If this (maximum) value is less than a threshold, the i¢# rule node is deleted too.

Such a mechanism helps to reduce the size of the rule base.



Chapter 4: Multistage Fuzzy Neural Networks: Aggregated Tvpe RS

Step 5: Termination
a)  Set k=k+1, s=1, and r=1. If k<M+1, then go back to step 2. Otherwise, struture
learning phase stops.
In the parameter learning phase, the membership parameters of the input,
intermediate and output variables are updated to minimize the error function as in

eq.(3.21). Write the error signal back-propagated to stage 2 and the ith node in jth layer

of stage 2 as A**” and &%, respectively, then:

N,
AN 5&’*” = z @) -Y@) 49

1=l

The individual adjustable parameters B'*" in layer 2 and layer 5 of stage 2 can be

th)

updated using eq.(3.22)-eq.(3.26) by replacing 3 with 8", £ with , and

L7
Bfk) \Vi[h ﬁt&l’l).
Let the error signal back-propagated to sub-stage & and the ith node in jth layer of

sub-stage k be A’ and 5*’, respectively, then:

(W
N (M1} -ty (M+1) _ (\hl)
AR = Z GE I/ (A1) gt (=2)(; ) (4.10)
- Y ) ® 92 € (A +1) .
=l 12 y (o.l )

where N{"is the number of partitions of the intermediate variable y*’. The individual

adjustable parameters B*) in layer 2 and layer 5 of sub-stage k are updated using

eq.(3.22)-eq.(3.26) where & indicates the index of sub-stage.
4.4.2 Simulations

The ball-and-beam control, which can be found in many undergraduate control
laboratories, is chosen for testing the performance of the proposed Mamdani AFNN.
We use this example in order to verify if Mamdani AFNN can be successfully applied

to a fuzzy control problem using less resource than its single-stage counterpart. The
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problem is shown in Fig.4.6. The beam is made to rotate in a vertical plane by applying
a torque at the center of rotation and the ball is free to roll along the beam. It is required
that the ball remains in contact with the beam. Let ¥ ={r,7,8,0] be the state vector of
the system and the control purpose is to balance the ball in the center of the beam with
X =[0,0,0,0] from arbitrary initial conditions in a certain region by applying appropriate

torque u to the beam. The system can be represented by the state-space model [37]:

X, X, 0
x, B(x,x} -Gsinx 0
Cl= (xix3 ) +| |u 4.11)
x} x.: 0
X, 0 1

r u

ball

7]

eam

Fig 4.6 Ball-and-Beam Control Problem
The stipulated input-output data pairs are created based on the input-output linearization

algorithm in [37]. For state ¥, compute:

V(X) = -,4,(X) -, (X) -4, (X) - @4 (X), where 4(X)=x,, &(F)=x,,
$,(X) =~-BGsinx,, ¢(X)=-BGx,cosx,, and the a's are chosen so that
s* + ;5 + a,s* + @5+ @, is a Hurwizt polynomial. Compute a(¥) = -BG cosx, and
b(X) = BGx} sinx,, then u(X)=(v(X)-b6(%))/a(¥). In our simulation, we chose
s*+3s’+7s* +65+2 as a Hurwitz polynomial and generated 1000 data pairs as

(¥,u)with ¥ randomly sampled in the region U =[-55]x[-2,2]x[-n/4,7/4]x
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[-0.8,0.8]. The MATLAB command “ode23” is used to solve the differential

equations.

Using the input selection method in section 4.3, the below coupling matrix is

obtained:
6 0 r F
] L 1.0000 0.2866 0.0769
)] 1.0000 . 0.0683 0.0804
r 0.2866 0.0683 . 0.8359
F 0.0769 0.0804 0.8359 .

If we choose the threshold TC =0.3, the stage 1 of Mamdani AFNN model can be
constructed by assigning 6 and € in sub-stage 1, and r and F in sub-stage 2. If we
choose a smaller TC, then a more complicated AFNN model will be resulted. The
numbers of fuzzy partitions of input, intermediate and output variables are set as 3, 3
and 9, respectively. So there are totally 27 rules involved. For comparison, the single-
stage counterpart, Lin and Lee’s model, has also been simulated for the same problem.
The numbers of fuzzy partitions of input and output variables are set as 3 and 9,

respectively. So Lin and Lee’s model contains 81 rules. Both of them are tested from 4
initial states [2.4,-0.1,0.6,0.1]", [1.6,0.05,-0.6,-0.05]", [~1.6,—0.05,0.6,0.05]", and

[-24,01,-06,-0.1]". The results are given in Fig.4.7. It is found that both of them can
successfully control the system, but Lin and Lee’s model uses much more resources
(e.g., fuzzy rules, T-norm and T-conorm operations) than Mamdani AFNN model. We
have also tried the case that Lin and Lee’s model contains 36 rules and found that it

failed to control the system.
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Fig 4.7 Testing Results of Lin and Lee’s Model (a) and Mamdani AFNN (b) in Ball-
and-Beam Control Problem
Next, Mamdani AFNN model is applied to MPG prediction. The coupling degree
between any two input variables was computed using (MV=)10 sampling points. The

resulted coupling degrees are listed below.

No. of Horse Model
x,COUPx, Displacement Weight | Acceleration
Cylinders Power Year
No. of
. 0.3473 0.6128 | 0.1004 0.1188 0.1256
Cylinders
Displacement | 0.3473 . 1.0000 | 0.1257 0.3741 0.2239
Horse Power | 0.6128 1.0000 ___10.1400 0.1085 0.3277
Weight 0.1004 0.1257 0.1400| _ 0.3634 0.0678
Acceleration | 0.1188 0.3741 0.1085 1 0.3634 . 0.2035
Model Year | 0.1256 0.2239 0.3277 [ 0.0678 0.2035 .
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By choosing the threshold 7C=0.4, the below coupling matrix is obtained:

1 01000
011000
1 11000

CouP =
000100
000010
0000 0 1]

Then the AFNN structure for solving the MPG prediction problem can be determined as

Fig.4.8.

Displaceman — ! p
Stage 1 |
H ! Sub-stage 1 i
orse !
—_
Power —
MPG
E— N P
forse el
f tage | : !
No.of | Sub-stage 2 »—" Stage2 —>

Cylinders — T— ;

(3)

Model y

Year ! [

; Stage 1 :

Weight > Sub-stage 3 '
Acceleration —|

Fig 4.8 AFNN Structure in MPG Prediction

The numbers of partitions of input, intermediate and output variables are sets as 2,
2, and 3, respectively. After the structure learning phase and 1000 epochs of back-
propagation, the Mamdani AFNN performance is listed in Table.4.1. Compared with
Lin and Lee’s model reported in Table 3.2, it is found that Mamdani AFNN model has
better learning performance than its single-stage counterpart using less resource.
Moreover, it has also been found that Mamdani AFNN is even better than Mamdani

IFNN in term of RMSE. However, more system resources have been used by AFNN.
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Table 4.1 Performance of Mamdani AFNN in MPG Prediction

Mamdani AFNN
Sub-stage 1 Sub-stage 2 Sub-stage 3 Stage 2
Number of Fuzzy
4 4 8 8
Rules
Number of
8+4=12 8+4=12 12+4=16 12+6=
Adjustable 6=18
Parameters
Training RMSE
2.2476
Testing RMSE
2.4341

Mamdani AFNN has also been conducted to predict the Mackey-Glass time series
(t=30). To construct the MSFNN model with aggregated architecture, the coupling
degree between any two input variables was calculated and listed as follows. Here, the

number of sampling points N was chosen as 10.

x,COUPx, x(t-30) | x(t-24) | x(t-18) | x(t-12) | x(t-6) x(t)
X(t-30) _ 0.1612 | 0.2022 | 0.6841 | 1.0000 [ 0.5075
x(t-24) 0.1612 . 0.3502 | 0.5089 | 0.3634 | 0.1448
x(t-18) 0.2022 | 0.3502 . 0.4523 | 0.2417 | 0.2911
x(t-12) 0.6841 | 0.5089 | 0.4523 _ 0.2419 | 0.2821
x(t-6) 1.0000 | 0.3634 | 0.2417 | 0.2419 L 0.8125

x(t) 0.5075 | 0.1448 | 0.2911 | 0.2821 | 0.8125 _

The following coupling matrix can be generated by choosing the threshold 7,=0.4:
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100 /711
0101700
oot 700

ledme=l 7 1 1 0 0
10001 1
10001 1]

According to the input selection method presented in Section 4.3, the aggregated
architecture can be determined as shown in Fig.4.9. Inputs x(¢-30), x(-6) and x(t) are
arranged in one sub-stage since COUP(x(t —30),x(t - 6)) =1, COUP(x(t -30),x(¢)) =1
and COUP(x(t),x(t —6)) =1 (see the bolded 1’s above). For the other three pairs of 1’s
in the coupling matrix (see the italicized /’s), an individual sub-stage has been created

for each of them according to the proposed method.

x(t-30) —> y
Stage 1 ]
x(r~-6) > Sub-stage 1 | ,
x(1) — ! |
(= 30) —> @ | x(t +6)
Stage 1 ‘ L{_——
- | Sub-stage 2 |_>,' ;

x(t-24) Stage 1 : i
x(¢-12) — Sub-stage 3

x(£-12) — Ly
Stage 1 *
x(t-18) | Sub-stage 4

Fig 4.9 AFNN Structure in Mackey-Glass Time Series Prediction
The number of partitions of all input and intermediate variables are all set as 2 in
order to reduce the total number of fuzzy rules. The partition of the output variable is
chosen as 5. Here we also use two training data sets containing 200 and 700 samples as
for Mamdani IFNN model. After the structure learning phase and 1000 epochs of back-
propagation, the training RMSE and testing RMSE are listed in Table 4.2. The testing

results are illustrated in Fig.4.10. Compared with its single-stage counterpart reported
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in Table 3.3, Mamdani AFNN has better learning performance and generalization
ability.

Table 4.2 Performance of Mamdani AFNN in Mackey-Glass Time Series Prediction

Mamdani AFNN

Sub-stage 1

Sub-stage 2

Sub-stage 3

Sub-stage 4

Stage 2

Number of
Fuzzy Rules

16

Number of
adjustable
parameters

16 12

12

12 26

Number of
pairwise
t-norm
operations

16 4

48

Number of
pairwise
t-conorm

. *
operations

[ (8]

9

11

RMSE after
1000 epochs

0.0267

0.0342%

Testing
RMSE

0.0256

0.0440"

t+ 200 training data pairs are used. * Same meaning as in Table 3.2
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Fig 4.10 Simulation Results of Mamdani AFNN in Mackey-Glass Time Series

Prediction (a) 200 Training Data Used (b) 700 Training Data Used
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4.5 TSK AFNN Model and Its Learning Algorithms

In this section, TSK AFNN model is proposed. It is developed to implement TSK
fuzzy inference. As TSK IFNN model, it also contains several single-stage modules
and each module is based on Jang’s ANFIS [50]. The learning algorithm is developed
and simulations have been done. It is found that TSK AFNN model has the same

advantages as TSK IFNN,
4.5.1 Learning Algorithms

As in TSK [FNN, LSE is used as the learning phase 1 of the TSK AFNN model.

The algorithm is applied as follows:

Step [: Initialization

a)  Divide the input variables into M subsets {x,"",xg" Xk =1, M} according
to the input selection method proposed in Section 4.3, each of them attached to an
individual sub-stage in stage 1 of the network. Set the sub-stage index k = 1.

b) Initialize appropriate membership function parameters.

Step 2: Applying LSE to sub-stage k.

Evaluate the optimal values of the consequent parameters ¢'!'s.

Step 3: Forward computation:

The output of sub-stage &, »'*’, can be derived with the evaluated ¢*'s.

Step 4: Termination of Stage | :

k=k+1; If k<=M, go to step 2. Otherwise, go to the next step.

Step 3: Applying LSE to stage 2:

Evaluate the optimal values of the stage 2 consequent parameters ¢''*""'s.

Step 6: Termination of Stage 2.
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In learning phase 2, back-propagation is used to update the consequent parameters
as well as the premise parameters in stage 2 and all sub-stages in stage 1. The error
signal back-propagated to stage 2, A**", has the same form as eq.(4.9). The individual
adjustable parameters B***" (including premise and consequent parameters) in stage 2

can be updated using eq.(3.22)-eq.(3.26) by replacing &{*' with 5%V, [ with

0+, and B with B*"” and the detail formulation can take the Appendix B for
reference.

The error signal back-propagated to each intermediate variable, y**', is obtained

vlll n

A(u.n Z( (M), (\M))k M, 1 (4.]2)

=]

a (le)

") _ sk
d’”’ =9

ay(k)

(Meh (Hel) 2
(|| ’", )

b M+l Mal) (M)
ad cE 17} ( *h 5(”‘” gt Ven ( 2)(“‘ ( ))
ul 1) (k) il (M+])

l-l a * ay (o-' * )

dy = (4.13)

where N*’ represents the number of fuzzy partitions of y*’(k = 1,---,M) and the error

signal back-propagated to sub-stage 4 in stage 1 is computed as:

AR = d® 4 g (4.14)

4.5.2 Simulations

Firstly, the Ball-and Beam control problem has been used as a test bed of TSK
AFNN model. For comparison, ANFIS, has also been applied to solving the same
problem. All the four input variables (corresponding to four system states) are divided
into 2 fuzzy partitions. Then the ANFIS will have totally 16 (2*) rules and the number
of adjustable parameters will be 96(80 consequent parameters and 16 premise
parameters). The TSK AFNN which has the same structure as Mamdani AFNN for the

same problem contains 12 rules and the number of adjustable parameters is 60 (36
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consequent and 24 premise parameters). After LSE and 100 epuchs of back-
propagation, the testing results from the four initial positions same as in Section 4.4.2
are depicted in Fig.4.11. It has been found that both ANFIS and TSK AFNN can
control the system successfully but ANFIS has more fuzzy rules and adjustable

parameters.

8 — ¥ P D S
00 05 1.0 1§ 20 25 230 00 0.5 1.0 15 20 25 30
(a) (b)

Fig 4.11 Testing Results of ANFIS (a) and TSK AFNN (b) in Ball-and-Beam Control

Next, TSK AFNN is used to predict the MPG. The numbers of fuzzy partitions of
all six input variables are set as 2 and the structure is as same as in Fig.4.8. So there are
totally 24 fuzzy rules involved. After LSE and 100 epochs back-propagation, the
learning performance is listed in Table 4.3. It is also better than ANFIS reported in
[51]. Itis also found that its learning performance in term of RMSE is even better than
IFNN in Table 3.5. But it uses a little more resources than IFNN.

Finally, TSK AFNN is used to do Mackey-Glass time series prediction. Here we
choose t=30. All the input and intermediate variables have two fuzzy terms. The
structure is as same as in Fig.4.9. Here we also use one small and one big data set to
test the learning and generalization ability of the proposed TSK AFNN model. The
testing results are depicted in Fig.4.12. It is found that the performance of TSK AFNN
is worse than Mamdani AFNN when it is trained by the small data set. The reason is

that Mamdani AFNN does not suffer from the parametric dimensionality. But TSK
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AFNN may suffer from it if the stage 2 contains too many intermediate variables. The
testing performance of TSK AFNN is a little worse than ANFIS. However, AFNN only

uses half of the resources used by ANFIS.

16 —mm™Wr——r——7 "

16 M LR R SR A |

N N 02 -‘ I B T | lﬂ

900 1000 1100 1200 1300 900 1000 1100 1200 1300
Time Time
(a) (b)

Fig 4.12 Simulation Results of TSK AFNN in Mackey-Glass Time Series Prediction (a)

200 Training Data Used (b) 700 Training Data Used

Table 4.3 Performance of TSK AFNN in MPG Prediction

Sub-stage 1

Sub-stage 2

Sub-stage 3

Stage 2

Number of
Fuzzy Rules

4

4

8

8

Number of
Adjustable
Parameters

12+8=20

12+8=20

32+12=44

32+12=44

Training
RMSE

1.9598

Testing
RMSE

2.4323
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Table 4.4 Performance of TSK AFNN in Mackey-Glass Time Series Prediction

Sub-stagel | Sub-stage 2 | Sub-stage 3 | Sub-stage 4 | Stage 2
Number of 8 4 4 4 16
Fuzzy Rules
Number of | 32+12=44 12+8=20 12+8=20 12+8=20 [ 80+16=
Adjustable 96
Parameters
Training 0.0178(0.0102")
RMSE
Testing 0.0165(0.0532")
RMSE

t 200 training data pairs are used.

4.6 Discussion on Hybridization of IFNN and AFNN

incremental and aggregated structures, have been proposed.

In Chapter 3 and this chapter, two different multistage (hierarchical) structures,

One purpose of

constructing MSFNN models with these two structures is to deal with large-scale

system implementation in which a lot of input variables are involved. When the size of

problem is getting larger and larger, individual IFNN or AFNN may not be enough.

-
”~

AV

The problem of network depth: The IFNN may contain many stages in order to
deal with the dimensionality problem, so the depth of IFNN is getting deeper and
deeper. It has been generally said that back-propagation algorithm may not be
effective when a feed-forward neural network contains many hidden layers. In
training of FNN, we also need to avoid this problem.

The possibility of suffering dimensionality problem: It is found in our simulations
that the AFNN model may suffer the dimensionality problem when stage 2
contains many input arguments. In section 4.3, we propose the AFNN structure

with more than 2 stages to overcome this problem. In view of that the importance
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degrees of coupled inputs are also different with each other, it is reasonable to

construct the sub-stages of AFNN with IFNN modules. It derives the framework

of the hybrid MSFNN model depicted in Fig.4.13.
In this hybrid MSFNN model, all the inputs are divided into several subsets based on
the analysis on the coupling degrees between any two input variables. The overall
structure is just as an AFNN model with more than 2 stages. The difference is that the
AFNN module is an IFNN model instead of a single-stage FNN. It means that each
subset is further divided into several subsets too according to the importance degrees of
the inputs. The generalized MSFNN model can overcome the network depth problem
of IFNN and the possibility of dimensionality problem of AFNN when a complex large-

scale problem is being dealt with.

/ IFNN Module
> —
I ®
S22
g2
IFNN Module =S
N e
4 : IFNN Module @
! > , =
g " ] 2
L I : -
B L 2
g 3
> o
]
=9
=
IFNN Module
L
\ AFNN Model

Fig 4.13 Hybrid MSFNN Model
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4.7 Performance Comparison of Different AFNN Structures

In this chapter, we propose a fast and effective input selection method to construct
MSFNN models with aggregated structure. Obviously there are many possible AFNN
structures existed. So the same problem as pointed out in Section 3.6 arises, i.e., do
different AFNN structures bring with different system performance in term of RMSE?
If an AFNN model is constructed by randomly distributing inputs in sub-stages in stage
1, how is the comparison of it with the AFNN model constructed by using our proposed
input selection method?

The characteristic of our input selection method is to assign those coupled inputs
in the same sub-stage. It makes the stage 2 much easier to learn than random arranging
input variables since the outputs of all sub-stages do not have too strong correlations.
Hence it brings advantage to back-propagation learning and helps to improve the system
performance.

Next we will experimentally show that different AFNN structures bring with
different system performance in term of RMSE. MPG prediction is chosen as a test bed
here. Since there are too many possible AFNN structures for this 6-input system and it
is not feasible to try all of them, we only choose 4 typical cases for analysis. For clarity
of presentation, six input variables are indexed as:

(x1) Number of Cylinders; (x2) Displacement; (x3) Horse Power; (x4) Weight; (x5)

Acceleration; (x6) Model Year.

*  Case I: {x2, x3} + {x1,x3} + {x4, x5, x6}. It is exactly the case determined by
our input selection method. Note that the last three variables are independent ones
that can be flexibly arranged.

o Case2: {xl,x2,x3} + {x3, x4} + {x5, x6}. The coupled inputs x1 and x2, xI and
x3 are fed to one sub-stage, x3 and x4 are fed to the same sub-stage where they

are not coupled with each other.
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% Case 3: {x], x4} + {x2, x3} + {x2, x5, x6}. The coupled inputs x2 and x3 are fed
to the same sub-stage as in case 1.

% Case 4: {x2, x4} + {x3, x6} + {x1, x2, x5}. No any coupled input variable is fed
to the same sub-stage.

Note that all the above four AFNN models have the same number of fuzzy rules if all

input/intermediate/output variables are defined with the same number of fuzzy terms

and hence they use the same resources. It makes fair comparison. By training those

four AFNN models with the same learning rate and same training data set, the training

RMSE values are reported in the following table:

Training RMSE Mamdani Type TSK Type
AFNN Case | 2.2476 1.9598
AFNN Case 2 2.2644 1.9906
AFNN Case 3 2.3223 2.0105
AFNN Case 4 2.3719 2.1034

The experiment resuits show that the AFNN constructed by using our input
selection method has the best learning performance among the four different AFNN
models. We have to emphasize that the AFNN structure determined by our method may
not be always treated as the optimal one since this determination is actually a tradeoff
between system complexity and system accuracy. Our method, however, is an intuitive
strategy that helps to find an optimal or sub-optimal AFNN structure with less intensive

computations than existing searching approaches.
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4.8 Chapter Summary

In this chapter, we proposed MSFNN models with another multistage
(hierarchical) structure, termed as aggregated structure. The resulted model is then
called as aggregated fuzzy neural network (AFNN). It is based on the statistical
analysis on the coupling information between any two input variables on a given
training data set. A novel and effective input selection method has also been proposed
to determine this aggregated structure. Similar with IFNN model, the model can
implement Mamdani or TSK fuzzy inference.

The basic AFNN structure is constructed with 2 reasoning stages. Stage 1
contains several sub-stages where each sub-stage corresponds to a single-stage FNN
module. Stage 2 is also a single-stage FNN module which is used to aggregated the
approximate outputs of all sub-stages into the final system output through fuzzy
reasoning. The single-stage FNN module is based on Lin and Lee’s FNN or Jang’s
ANFIS. The learning algorithm of the proposed AFNN model has also been presented.
The AFNN model can also address the dimensionality problem. As IFNN model, it has
potential advantages on learning performance, effectiveness of used resources, and good
generalization ability. At the end of this chapter, the hybrid of IFNN and AFNN has
been discussed from a practical point of view in order to handle those complex large-

scale problems where there are a lot of inputs involved.
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Chapter 5

Cascaded Fuzzy Neural Network Model
Based on Syllogistic Fuzzy Reasoning

5.1 Introduction

Syllogistic fuzzy reasoning [122], which has a strong link with syllogisms in two-
valued logic, is an important type among human being’s various multistage fuzzy
reasoning (MSFR) mechanisms and it is commonly used in practice. Its basic form
contains two reasoning stages and it can be generally extended to the case with more
than two stages. Syllogistic fuzzy reasoning has been generally discussed from the
fuzzy reasoning point of view [76-77, 113, 122]. Implementations of syllogistic fuzzy
reasoning in FNN’s, however, have never been systematically addressed.

The very first work on syllogistic fuzzy reasoning was carried out by Zadeh [122].
It was shown that the fuzzy syllogism provided a basis for reasoning with dispositions,
i.e., with preponderant propositions that were not always true. The study derived the
basis of usuality theory in commonsense reasoning. Some other works concentrated on
chaining of syllogistic fuzzy rules. They were based on the fact that syllogistic fuzzy
reasoning can be represented by the composition of relational matrices in intermediate
stages [23]. Then several syllogistic rules can be “abbreviated” as a compact single-
stage rule. Such kind of doing is only valid when the distribution law is maintained in

the compositional operations [109]. For example, Mamdani type compositional
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operation (the proof is given in Appendix C). Syllogistic fuzzy reasoning formulated as
linguistic truth-value propagation and a multistage fuzzy system using a neural network
architecture is proposed in [109]. The system parameters were trained by back-
propagation. It also stated that the multistage fuzzy system corresponded to a multilayer
perceptron in neural networks.

A problem involved in syllogistic fuzzy reasoning is fuzziness explosion. It
means that the consequent of syllogistic fuzzy reasoning may be unknown after fuzzy
inference of multiple reasoning stages [76-77]. One method to avoid fuzziness
explosion has been proposed in [109] where the consequent parts were treated as crisp
values instead of fuzzy ones and singleton fuzzification was adopted in the intermediate
stages. Such kind of fuzzy inference with non-fuzzy consequences is not pure fuzzy
inference [113]. Moreover, singleton fuzzification is unable to deal with noises.

Compared with the fruitful developments of single-stage FNN’s, there has been
less research work carried on the fusion of fuzzy logic and syllogistic fuzzy reasoning.
A new FNN model based on syllogistic fuzzy reasoning, cascaded fuzzy neural network
(CFNN), is proposed in this chapter. It contains two or more reasoning stages where
each of them corresponds to a single-stage FNN module. Mamdani type Max-min
fuzzy inference is adopted due to its popularity. Each single-stage FNN module
contains fuzzification, fuzzy inference and defuzzification units. The defuzzification
and fuzzification in intermediate stages perform two major tasks: (i) they help to
eliminate the fuzziness explosion problem since the fuzzy output of current stage is
firstly defuzzified as a crisp value and then that crisp value is fuzzified into fuzzy input
of the next stage before the fuzzy inference engine carries on; (ii) they make it possible
to represent more complex nonlinear input-output mapping by providing a more
complicated interpolative function.

A hybrid learning algorithm is proposed for CFNN learning. Given a set of
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training data pairs, CFNN can learn appropriate syllogistic fuzzy rules. With an
intention to tackle the case that there is no a priori expert knowledge available, the
syllogistic fuzzy rules of CFNN are initially determined by genetic algorithm (GA) [33]
due to the fact that GA needs less priori knowledge. The membership functions of
input, intermediate and output variables are fixed intuitively before applying GA. In the
second leamning phase, all those membership function parameters are updated using
back-propagation algorithm in order to enhance the system performance.

The proposed CFNN model can realize comprehensive fuzzy reasoning and shows
satisfactory learning abilities because its intermediate stages can work as additional
parametric inference engines. Moreover, it has been pointed in [53] that the cascaded
neural network structure helps to speed up the convergence and improve the model’s
robustness. It is well-known that a single-stage FNN will have better learning
performance if its input and output variables are getting more complex, i.e., those
variables are defined with more fuzzy terms [65]. However, a fuzzy system with too
complex linguistic variables is difficult to be understood by human beings. Those
concise (or simple) linguistic variables (e.g., the number of fuzzy terms is less than 5)
are more reasonable in practice. Since the intermediate stages of CFNN model can
realize more sophisticated input-output mapping functions, a CFNN with concise input
and output linguistic variables can also achieve the same learning performance as a
single-stage FNN with complex input and output variables. As pointed out in [10, 23,
122], several syllogistic fuzzy rules can be abbreviated with a compact single-stage one
by rule chaining. An illustrative example is presented to demonstrate the relationship
between single-stage fuzzy rule set and syllogistic fuzzy rule set in CFNN models.

In the simulation part, we consider the approximation accuracy and the model
sensitivity to the noise. A set of five typical nonlinear functions with different statistical

characteristics is simulated. For comparison, the single-stage counterpart, Lin and Lee’s
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single-stage FNN model [73], is also simulated for the same problem. The simulation
results show that the CFNN model has better learning performance in term of RMSE
than the single-stage FNN when both of them are using almost the same number of
fuzzy rules. The CFNN models, however, shows better robustness, i.c., they are less
sensitive to the noise than their single-stage counterpart. The cases of CFNN with

different number of intermediate variables have also been analyzed.

5.2 CFNN Architecture

In this section, the syllogistic fuzzy reasoning and the compositional operation in
it have been firstly introduced. The basic scheme of implementation of syllogistic fuzzy
reasoning in MSFNN modeling is also presented. Moreover, we propose the
architecture of the CFNN model as well as the structure of its single-stage module in a

multistage manner.

5.2.1 Syllogistic Fuzzy Reasoning and the Corresponding Cascaded Fuzzy Neural

Networks

In [122], Zadeh gave the following example for syllogistic fuzzy reasoning:

If it is snowing, then roads are slippery

If roads are slippery, then driving is dangerous
5.1

Fact : It is snowing

Consequent : Driving is dangerous

It is found that the consequence of the first rule “the roads are slippery” appears in
the premise part of the second rule. Such syllogistic rules are quite common in real life.
If we consider syllogistic fuzzy reasoning from a more general aspect and the following

form of syllogistic fuzzy rules can be derived [109]:
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L .l

x,is 4y, -~-and ---x, is 4, | - y"is B, --and--- y¥ is B,

Stage 1 : :
x isdy, --and--x,isd, , —>y"isB), ---and---y) is B} ,
Wis 4y --and -y is Ay - yPis B, ---and -y is B! |
Stage 2 : :
wWisdl, -and--yis Ay, - yPisBY --and--yPis BY
WisAY and---y i is 4y — y* isBY ---and---y" isBY |
LIA)
Stage M : :
(M=1) ¢ M (Al |) M (M) W\ (hf) . M
»oisdAy, ---and- isd,, ., 2> isB, --and---y, " isB,
Fact: x,is 4 ---and---x, is Z,:'
(5.2)
Consequent y{*" is B\ ---and---y*" is B!
Where A,kj, ,j,(k_l M,i:l,.-.’nk,...,jz1’....L*)’ Arl’ E"”ﬁarefuzzysets_ and

— represents implication. Here, X =[x,--,x, ] corresponds to the set of input
variables that only appear in the premise parts of stage |,
YOO = [yi*0,... x4 ] corresponds to the set of outpur variables that only appear in the
consequent parts of stage M. The set of intermediate variables
YO =y, 0 1k =1,---,M —1) is served as the consequent as well as the premise
part of different rules simultaneously.

Suppose the linguistic variables X and Y*''s are defined in the universe of
discourse U, and U,,,'s(k=1,---,M), a straightforward syllogistic fuzzy reasoning
using fuzzy relation composition is depicted in Fig.5.1. The input-output mapping
between the stage 1 and stage M is represented by the compositional operation in
eq.(5.3) where R is the fuzzy relation involved in the kth stage and o represents sup-

min compositional operation [10, 23]:

My (F) =, (X) o R (5.3)
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where
R:Rloklo---oRM (54)
M _ M-1) M
up(F)=p(X)e R e (V=4 o R
° ." e ® P
¢ o ve o o
U' U, U.w.l

Fig 5.1 Straightforward Syllogistic Fuzzy Reasoning Scheme

It is found that several syllogistic fuzzy rules can be abbreviated as a single-stage one
and then the single-stage fuzzy systems can be applied to solving syllogistic fuzzy
inference problems. Eq.(5.3) and eq.(5.4), however, hold only when the distribution
law is maintained in compositional operations [109]. On the other hand, syllogistic
fuzzy rules can provide much more comprehensive information than its compacted
single-stage form, especially when the physical meanings of the intermediate variables
can be considered.

It is well known that a conventional fuzzy system based on the expert knowledge
implementing fuzzy logic conceived by Zadeh does not possess learning capability
(such expert fuzzy systems have developed recently). To leam fuzzy rules from
examples (input-output data pairs), some other intelligent computation approaches such
as GA’s and neural networks have to be integrated with fuzzy logic to produce trainable
fuzzy systems. Fuzzy logic, neural networks and GA’s have different characteristics in
constructing intelligent systems. Fuzzy logic has no learning ability by itself so that it
requires quite detailed a priori knowledge. GA'’s and neural networks have learning

abilities where GA’s consume more learning time but need the least a priori knowledge
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and neural networks have faster lcarming speed than GA’s but generally need more a
priori knowledge (e.g., the network structure). In this regard, GA should be applied if a
priori knowledge is very limited and neural networks will be used instecad when rough a

priori knowledge is available, see Fig.5.2.

y

\

: :.'denelic
& - Algorithms /

S

3/

£ ; 5N
| Fuzzy logic '
@ Priori Time
b ¥ Knowledge Complexity
T Increasing Increasing

Fig 5.2 Comparisons of Fuzzy Logic with Neural Networks and Genetic Algorithms

As in feed-forward neural networks, most of the FNN’s are used to represent
input-output mapping for certain problems. The involved network parameters are then
updated using learning algorithms based on a specific criterion. If FNN’s are applied to

learning syllogistic fuzzy rules which have the form as eq.(5.2), a general scheme is
shown in Fig.5.3. f* corresponds to a nonlinear mapping from X in U, to Y in
U, (,k=1)or Y* in U, to Y* in U, (k>1) and S* is the parameter set in the kth
FNN module. The fuzzy relation R* in Fig.5.1 is then converted into a nonlinear

function £ and fuzzy inference is implemented in each FNN module. Unlike Fig.5.1,
the output of each FNN module is crisp because there are defuzzification operations

involved.
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5.2.2

Fig 5.3 MSFNN Scheme Implementing Syllogistic Fuzzy Reasoning

CFNN Architecture

The CFNN contains several single-stage FNN modules and a two-stage CFNN

architecture is shown in Fig.5.4 where there are two input, two intermediate and one

output variables. Each single-stage FNN module has five layers like the single-stage

FNN

model in [73]. The only difference is that the T-conorm operation is chosen as the

most popular one, max { v ) operation instead of the bounded summation. For clarity of

presentation, some notations are firstly introduced:

M:

k:

u® -

k).
y®

).
y .

Total number of stages.

Index of stage number and k£ =1,---,M .

The number of input arguments (input variables when k=1 and intermediate
variables when £>1).

The ith input variable and i =1,---,n,.

The ith input of a certain node in a specific layer of th stage (the node and layer

indexes are dropped for presentation simplicity).

: The intermediate variable served as the ith output of stage k as well as the ith input

of stage k+1, i=1,---,n,, ,and k=1,---, M -1,

The single output of the final stage M.
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pa'®: The number of fuzzy terms of the jth linguistic variable appearing in the
antecedent (premise) part in stage .
pc'®’: The number of fuzzy terms of the jth linguistic variable appearing in the
consequent part in stage k.
N*': The number of nodes in the ith layer of th stage.
Layer {: The nodes in this layer simply transmit the input values to the next layer. For
input variables (k=1) and intermediate variables (k>1), we have
.fu“ =ulm’ ul(k) =x, Vi=12,--,n,k=l (5.5)
and
LB =u®, u® =y*h =12, k=2, M (5.6)
Layer 2: Each node in this layer implements a particular membership function, and its

output is the corresponding membership value of the input (or intermediate) variable

connected to it. A bell-shaped function is adopted here as:

(u:“-m,‘“)"
= (o)

(k)
2

=e Vi=12,.. ,N® 5.7

m™*’s and o*'’s are the center and width parameters of the bell-shape membership
function. The initial membership function parameters of the input and output variables
can be determined based the range of the input-output data pairs using a grid
partitioning method. Regarding the intermediate variables, we assume that the range of
each of them is in the interval [0,1] because no a priori knowledge about the
intermediate variable is supposed available. Such a mechanism will not affect the
implementation of syllogistic fuzzy reasoning since syllogistic fuzzy reasoning only
needs the fuzzy values obtained from the fuzzification procedure.

Layer 3: Nodes in this layer are called rule nodes. A T-norm operation is used to carry

out preconditions matching of the fuzzy rules. Suppose the min (A) operator is
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adopted, we have:
1= mm(u,”“) Vi=12, N* (5.8)

Here, p, denotes the number of preconditions in rule node i and N{*’ indicates the total

number of rules in stage £ and:

N® =[] pa" (5.9)

=l
Layer 4: In this layer, a T-conorm operation is used to integrate the fired rules, which
have the same consequence. The max operator is adopted here because max-min
composition is most widely used in the current multistage fuzzy inference studies. As
there may be more than one output arguments in intermediate stages, one rule node in
layer 3 then may be connected with more than one term nodes in layer 4 belonging to

different intermediate variables.

4 = max(u) Vi=12,:-, NP (5.10)
and:
N® =3 pet (5.11)

s=l
Layer 5: The nodes in this layer implement defuzzification operation and generate one
or more crisp outputs corresponding to one or more intermediate variables as:

5 (miott
A Viz=l-m, =l pe® k=1 M ~1 (5.12)

k), (k)
Z C,, u:l
i

here m}'s and ¢'%'s are the center and width of a bell-shaped membership function

for /th fuzzy term of the ith intermediate variable of stage 4. In stage M, the final single

output is generated as:
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M M M
2 (m*a 0 yu )
G = (5.13)
ZO_EM)u,(M)
i

where m{”'s and o{*'s are the center and width of a bell-shaped membership function

for /th fuzzy term of the single output variable of stage M.

Stage 1 Layer 5
8 (stage 1) Stage 2
Layer 1 Layer 2 Layer 3 Layer 4 and
Layer 1

(Stage 2)

Inout /Qut put

Rule N Intermediate O : D Input /Output
Node Variable Membership Variable

Function Node

Fig 5.4 A Two-stage CFNN Architecture

5.3 Learning Algorithms

A hybrid learning algorithm containing two phases is proposed for CFNN. The
first phase is structure learning where GA is applied to searching for an optimal or sub-
optimal syllogistic fuzzy rule set and then the network structure of CFNN is determined.
The second phase is parameter learning where the back-propagation algorithm is used to
update the membership function parameters of all input, intermediate and output

variables in order to improve system performance.
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5.3.1 Introduction to Genetic Algorithms

GA’s are developed to mimic some of the processes observed in natural
evaluation. They are highly parallel and believed to be robust in searching global
optimal solution of complex optimization problem without going stuck in local
minimum. The principle of GA’s was developed by Holland [39-40]. GA’s have been
employed primarily in two major areas, optimization and machine learning [33]. In
machine learning, GA’s have been used to learn simple string IF-THEN rules in an
arbitrary environment. Recently, GA’s began important tools in the structure and
parameter learning of neural networks. Furthermore, some researchers used GA’s to
develop fuzzy systems, e.g., finding the membership functions and fuzzy rules [30, 71,
81].

GA’s differ from normal optimization and searching procedures in several ways.
Firstly, it works with a population of strings, searching many peaks in parallel.
Secondly, it works with the parameter set instead of the parameters themselves, so the
chance of falling into local minimums is reduced. Thirdly, GA’s need only an objective
function called fitness function to guide the searching procedure and any auxiliary
information is not necessary.

Suppose that an optimization problem containing / parameters is to be solved,
GA starts with a set of strings which is called a population and each string corresponds
to one possible solution called as one chromosome. Usually the chromosomes are
strictly binary coded and such kind of coding strategy has been proved to be optimal
[40].

The three basic genetic operations in GA’s are reproduction/selection, crossover
and mutation which are implemented on chromosomes for the parameter set in an
iterative manner. Reproduction is a process in which individual chromosomes are

copied according to their fitness function values. It comes from the natural selection in
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biology. A fitness value fit(i)is assigned to each chromosome in the population, where
higher number denotes better fitness. GA’s exploit historical information to speculate
on new searching points by crossover operation on a pair of chromosomes selected by
the reproduction/selection operation. Mutation is another genetic operation. It
randomly alters bit position of a randomly selected chromosome. Mutation also helps
to reduce the chance of getting stuck to local minimums. It is also useful to recover
some essential information that has ever been lost in the previous generations. GA

terminates by satisfying one predefined threshold of the fitness function.

5.3.2 CFNN Structure Learning Phase: Genetic Learning

Suppose that the function to be optimized is f :R” — R". The solution space
can then be represented by vectors § € R”. The first step of GA is to choose a fitness
function fir : R" — R, which is used to discern the better of any two possible solutions
5, and 5,. The fitness function can be any nonlinear, nondifferentiable, discontinuous,
positive function because GA only needs to assign a fitness value to each candidate

solution. Since the CFNN model is developed to minimize the error between desired

and actual outputs of the final stage M on a given set of input-output data pairs, the
fitness function of a candidate solution §, is then defined as:

Sit(i) = S (5.14)

K -rmse(s,)
In CFNN, each 5, corresponds to a syllogistic fuzzy rule set. rmse(5,) represents the
root mean square error (RMSE) of CFNN with the fuzzy rule set 5, on a given training
data set. K is a numerical coefficient and it can be used to update the selection

probabilities of candidate solutions.

In GA’s, each candidate solution of a specific problem is coded in one
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chromosome. The technique for encoding solutions may vary problem to problem and
from GA to GA. Generally, encoding is carried out using bit strings. The strictly

binary coding is used here. Suppose that the CFNN model has M reasoning stages, and

each stage k has n, input arguments (input variables when k=1 or intermediate variables

M My
when k>1), then there are ZN D I™ alleles (bit positions) in a chromosome. I®
k=l J

represents the binary code length of an integer which is equal to the number of fuzzy
terms of the jth linguistic variable in the rule consequent part in stage £ Each
chromosome represents a complete syllogistic fuzzy rule set in CFNN as shown in
Fig.5.5. The consequent of each rule is represented by a set of alleles where each of
them is binary code 0 or 1. It is due to the assumption of rule set’s completeness that

only the consequent part information is coded.

_ Consequence of the _ Consequence of the

. Rules in Stage 1 _f . Rulesin StageM |

| |
A ' ' | | | ? | |
!Rulel‘RuleZ’ ...... l Ru[eNQ’! ...... ‘Rulel ‘Ru[eZi v+« » \RuleN$*"
l ! ' i g : | i i

1101 ] ......  0/1

Fig 5.5 Chromosome Coding In CFNN

Let’s take a look at a simple illustration example. Suppose that there is a CFNN

model having the following fuzzy rules in stage 1 as:
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If x, is small and x, is small, then y\" is negative and y\" is zero

If x, is small and x, is big, then y\" is negative and y\" is positive
(5.19)

If x, is big and x, is small, then y" is zero and y{" is negative

| If x, is big and x, is big, then y\" is positive and y\" is zero |

The first part of the corresponding chromosome, corresponding to stage 1 of CFNN, is

encoded as:
Poor1o0o01001001001] (5.16)

The first 4 alleles are for the first rule, the second 4 alleles are for the second rule, and

so on. The first two alleles are the binary codes of the fuzzy term “negative” of y!"

and the second two alleles are the binary codes of the fuzzy term “zero” of y{, where

the fuzzy terms “negative”, “zero™ and “positive” are encoded as “00”, “01”, and “10”
respectively. Using the same encoding technique, the other parts of the chromosome
can be generated by considering the fuzzy rules in the other stages. Combining all those
parts together, the chromosome corresponding to a complete syllogistic fuzzy rule set
can be encoded.

Based on the chromosome representation of CFNN defined above, g
chromosomes are generated by randomly choosing the value of each allele. The set of
all these chromosomes is called a population and g is the population size. Determining
the population size is also very important in GA’s. A small population may generate
results that all chromosomes become identical after a few generations. On the other
hand, a very big population takes a long time to converge though it can provide global
diversity in the chromosomes. Therefore, the population size is usually chosen
empirically and it depends on the specific problem being solved.

Reproduction/selection, crossover, and mutation are the three basic genetic
operations in GA. In this regard, we have adopted the roulette-wheel selection [33]

technique in the reproduction/selection process, bit crossover and bit mutation. In
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addition, a filtering process has been introduced into the genetic learning process. It is

used to filter out invalid or inappropriate problem solution candidates as follows.

1.

Removing invalid fuzzy rules: The sub-strings of one chromosome are binary
codes of the consequent indexes of certain rules, see eq.(5.15) and €q.(5.16).
Suppose that the linguistic variable in the consequent part of a rule has 5 fuzzy
terms, then the coding length is 3. The valid binary codes in the corresponding
alleles are 000, 001, 010, O11, and 100. The other possible binary codes with the
same length, i.e., 101, 110, and 111 are invalid. So in the population
initialization, crossover and mutation process, the filtering step is implemented by
running the specific genetic operation for one or more times until it represents a
valid fuzzy rule.

Removing fuzzy rules with incomplete consequent: Let the set of all valid binary

codes of the ith linguistic variable appearing in the consequent parts of stage & are

written as Q'*’, and the set of actual codes of this linguistic variable in the jth rule

is written as S,‘:,’. The genetic operation should be repeated in the population

initialization, crossover and mutation steps until Q¥ =US™ . In other words,
s

each fuzzy term of the intermediate/output linguistic variable should appear at

least once in the consequent parts.

Such a filtering process will eliminate those invalid and non-optimal solutions in the

learning process and consequently reduces the searching space so that the convergence

of GA can be faster. The CFNN structure (genetic) learning scheme is illustrated in

Fig.5.6.
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Fig 5.6 Illustration of the Applied Genetic Algorithm Determining CFNN Structure

5.3.3 CFNN Parameter Learning Phase: Back-propagation Learning

The fuzzy rule set obtained from learning phase I, however, is only a rough one

because the membership functions of all linguistic variables are all fixed beforehand.
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Therefore, the back-propagation algorithm is used in learning phase 2 where those
membership function parameters of all input, intermediate and output variables are fine-
tuned in order to enhance the CFNN performance. The error function to be minimized
is:

E=Y Eq) =%ZP:()7(:)-Y«))F (5.17)

1=l =]

where Y(1) and Y(t) are the desired and actual output from the final stage M at time ¢.

(M)

The membership function parameters B“"'s(i.e., m o

s, ¢, "'s in layer 5 and

m*s, o™'s in layer 2) in stage M are firstly updated using the following
derivations.
A ‘ aE \ aE ay(&l)
BU = g ""an) = B "“Ey(—MT'aTy-"—) (5.18)

where n is the learning rate. The error signal back-propagated to the intermediate

(M-1)
i

variable y is computed as:

g _OE__ OE ™

i = 6y(‘"'” - ay“"’ 'ayw-l) Vi=lyny, (5.19)

(M-
i

Since y is also the output of stage M-/, back-propagation can be carried on stage

by stage by back-propagating the corresponding error signals. Note that the

intermediate stages may involve more than one outputs, i.e., n, 21 (k<M). The

membership function parameters B™™"'s(ie, m*™'s, o™ s in layer 5 and

1

m™"'s, 6'™'s in layer 2) in stage M-I are then updated as:

o o O oy ey Y
B = gD _p 550 =pM-h _T]ZA('V H W (5.20)
i=l

Applying €q.(5.19) and eq.(5.20) to the proceeding stages, i.e., k=M —2,---.1, all the

CFNN parameters can be adjusted to minimize the prediction error in the final stage M.
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Specifically, the Max operator implemented in layer 4 of all stages can not be directly
differentiated. Here we use an approximate differentiation to handle it. Suppose that
the error signal transferred to the jth node in layer 4 of stage k is 5}?, then the error

signal back-propagated to the ith node in layer 3 of stage £ is calculated as [109]:

P XN A ey (5.21)
: 0 otherwise

which means that a certain node i in layer 3 can get back-propagated error signal from a

node j in layer 4 if and only if node i controls the inputs to node j in Max operation.
5.4 Analysis of the Syllogistic Fuzzy Rules in CFNN

In this section, we will experimentally show the relationship between CFNN
syllogistic fuzzy rules and compact fuzzy rules in single-stage FNN for the same
problem. The following time series formulates a system identification problem [14]:

¥(t) =[0.8-0.5exp(~y* (t = )]yt = 1) -[0.3 + 0.9exp(-y* (¢ = )]y (¢ = 2)
+ 0.1sin(my(r - 1))

e g

The ranges of the two inputs y(f —2) and y(¢~1) are all [-2, 2] and the range of the
output is {-2.5, 2.5]. Suppose that each input linguistic variable has three fuzzy terms,
namely, “negative (N)”, “zero (ZE)” and “positive (P)” and each output linguistic
variable has three fuzzy terms, namely, “small (S)”, “medium (M)”, and “big (B)”. The

initial membership functions of y(t+-2), y(¢-1) and y(r) are given in Fig.5.7.

1.0 . : — 10

08| ~ 08

06| < 06

04F N ZE P 4 04

02 < 02

Qo L L 0.0 N P | 14
2 -1 0 1 2 2 -1 0 1 2

(a) (b)

Fig.5.7 Initial Membership Functions of y(t -2), y(t-1) (a) and y(r)(b)
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yit-1) T yt-2)

Fig 5.8 Training Samples of the Time Series

From the grid points of range [-2, 2]x[-2, 2] within the input space, 441 training
data pairs are generated as in Fig.5.8. The problem is firstly solved with Lin and Lee’s
single-stage FNN [73] where the T-conorm operator is changed as Max (v). We will
refer to such a model as single-stage FNN in this chapter. After the unsupervised
competitive learning phase, the single-stage FNN derives the fuzzy rule set as listed in
Table 5.1.

Table 5.1 Single-stage Fuzzy Rule Set in the System Identification Problem

y(t-2) y(t-1) y(t)
N N M
N ZE B
N P B
ZE N S
ZE ZE M
ZE P B |
3 N S
P ZE S
P P M
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Fig 5.9 The Membership Functions of the Intermediate Variable when It Appears
in the Consequent Part at Stage 1 (a) and Premise Part at Stage 2 (b)

We construct a two-stage CFNN with a single intermediate variable yi(f)and its
membership functions are shown in Fig.5.9. The membership functions of the input and
output variables are the same as those in Fig.5.7. Since the intermediate variable is
served as the output of stage 1 as well as the input of stage 2, it has two forms of
membership functions. We use the underlined character to distinguish them. Their
membership function parameters are the same in the genetic learning phase so that in
the linguistic form, we have P1=P1, P2=P2, and P3=P3.

The initial population size is 40 and it converges after 50 generations. In the final
population, we tound two optimal solutions having the same fitness value, i.e., the same
RMSE. These two syllogistic fuzzy rule sets are listed in Table 5.2 (a)-(b). Consider
the first syllogistic fuzzy rule in case 2, i.e.. “If y(t-2) is N and y(t-1) is N, then yi(¢) is
P2” and “If yi(t)is P2, then y(t) is M, its abbreviated linguistic form can be derived as
“If y(t-2) is N and y(t-1) is N, then y(t) is M™. It is just the first rule in the single-stage
fuzzy rule set in Table 5.1. The same conclusion can also be drawn from the other
syllogistic fuzzy rules in Table 5.2 (a)-(b).

The above example elaborates that several syllogistic fuzzy rules realized by
CENN can be abbreviated as a single-stage fuzzy rule in /inguistic form equivalence

when the intermediate variables have the same definition of fuzzy terms in the
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consequent part of the current stage as well as the premise part in the next stage. We
have also tried the cases that there are more than one intermediate variables involved in
a two-stage CFNN and the cases that there are more than two stages involved. They all
showed this kind of linguistic form equivalence of a syllogistic fuzzy rule set with a
single-stage rule set.

If the intermediate variables have different definitions of fuzzy terms in
consequent parts of the current stage and premise parts of the next stage, the linguistic
form equivalence does not exist since the abbreviation form can not be made. In this
case, CFNN also represents the correct input-output mapping between the input and
final output data pairs due to the fact that the objectives of GA and back-propagation
learning are to minimize the error between the desired and actual outputs in the final
stage. So the CFNN model is equivalent with the corresponding single-stage FNN in an
input-output mapping form. We call it as inpur-output mapping equivalence.

Form the above discussion, it is found that the syllogistic fuzzy rules in CFNN
models also have explicit meaning as which in a single-stage FNN in a linguistic or an
input-output mapping form. The CFNN, however, implements more comprehensive
fuzzy reasoning than its single-stage counterpart and it is more close to the human
being’s real reasoning strategies. Moreover, in the next section, we will show that a
CFNN model performs better learning performance and stronger robustness than its

corresponding single-stage FNN due to it’s flexible cascaded network structure.
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Table 5.2(a): Syllogistic Fuzzy Rule Set in the System Identification Problem

(Case 1)
Stage 1 Stage 2
Premise Consequent Premise Consequent

y(t-2) y(t-1) yi(r) yi(t) y(®)

N N P2 Pl B

N ZE P1 P2 M

N P Pl P3 S

ZE N P3

ZE ZE P2

ZE P Pl

P N P3

P ZE P3

P P P2

Table 5.2(b): Syllogistic Fuzzy Rule Set in the System Identification Problem (Case 2)

Stage 1 Stage 2
Premise Consequent Premise Consequent
y(t-2) y(t-1) yi(t) yi(t) y(v)
N N P2 Pl S
N ZE P3 P2 M
N P P3 P3 B
ZE N P1
ZE ZE P2
ZE P P3
P N Pl
P ZE P1
P P P2

5.5 Simulations

We firstly investigate the CFNN model for approximating a set of 5 nonlinear

functions £ :[0,1)* > R. These functions were firstly introduced by Hwang [46]
and then used by the other researchers [16] for testing the performance of different
neural network algorithms. These functions are scaled so that the standard deviation is
1. Fig 5.10 gives 3-dimensional perspective plots of the five functions, which are

formulated as follows:
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(e)
Fig 5.10 Perspective Plots of the Five Functions: (a) £ : Simple Interaction; (b)

£ Radial; (¢) £ : Harmonic; (d) f: Additive; (¢) /' : Complicated Interaction

1)  Simple Interaction Function:
fV(x,,x,) =10.391((x, —0.4)(x, —0.6) +0.36) (5.23.a)
2)  Radial Function:

fP(x,,x,) = 24.234(r*(0.75-r%)) (5.23.b)
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where r* =(x, —0.5)% +(x, —0.5)*

3) Harmonic Function:
SO(x,,x,) = 42.6590.1+X,(0.05+%,' -10%,°%,* +5%,")) (5.23.¢)
where ¥, =(x, —0.5) and X, =(x, - 0.5)

4)  Additive Function:

S (x,,x,) =1.3356(1.5(1 - x,) + 2" sin(37(x, - 0.6)*)

, (5.23.d)
+e’ % sin(47(x, - 0.9)%))
5) Complicated Interaction Function
f(x,x,)=1.9(1.35+¢" sin(13(x, - 0.6)*)e ™" sin(7x,)) (5.23.e)

The training and testing data pairs were obtained through the following ways. 225
pairs {(x;,,x,,) [l =1,2,...,225} of abscissa values are generated and based upon which

two training data sets for each of the five functions are prepared. The noise-free

training data set contains data pairs characterized by:
v = O, x,) 1 =1,2,.,225, j =1,.00,5 (3.24)

The noisy training data is generated by adding independent and identically distributed

Gaussian noises [46]:
yl(j) = f(l)(xl.l’xl.2)+0'258h 1 = 1,2,"',2259 j = 1’”"5 (5'25)

where &, ~ N(0,1), the zero mean unit variance Gaussian noise. Thus, the signal-to-

noise ratio (S/N) is roughly OITS =4. On the other hand, a testing data set (for each of

the five functions) is generated. It contains 10,000 samples on a regular grid [0,1]?, i.e.,
x,; =(21-1)/200(/ =1,2,---,100; i = 1,2} .

Here we consider the following two cases of the single-stage FNN model and four

cases of a two-stage CFNN model:
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Single-stage FNN:

%  Case 1 (25 rules): x,, x,, and yall have 5 fuzzy terms, then there are totally 25
fuzzy rules involved.

%  Case 2 (49 rules): x,, x,, and y all have 7 fuzzy terms, then there are totally 49

fuzzy rules involved.

Two-stage CFNN:

(J

Case 1(a) (30 rules): x,, x,, and y all have 5 fuzzy terms. One intermediate

>

variable defined with 5 fuzzy terms is used. So the CFNN contains 5x 5+ 5 = 30
fuzzy rules.

% Case 1(b) (32 rules): x,, x,, and y all have 4 fuzzy terms. Two intermediate
variables defined with 4 fuzzy terms are adopted. So the CFNN contains
4x4+4x4 =32 fuzzy rules.

% Case 2(a) (56 rules): x,, x,, and y all have 7 fuzzy terms. One intermediate

variable defined with 7 fuzzy terms is used. So the CFNN contains 7x7+7 = 56
fuzzy rules.

% Case 2(b) (50 rules): x,, x,, and y all have 5 fuzzy terms. Two intermediate
variables defined with 5 fuzzy terms are adopted. So the CFNN contains
5x5+5x5=50 fuzzy rules.

The two cases of single-stage FNN were firstly used to approximate the five nonlinear

functions. After the unsupervised competitive learning phase and supervised back-

propagation learning phase, the training (non-bracketed values) and testing (bracketed

values) are listed in Table 5.3. For the supervised back-propagation learning phase, the
learning rate was fixed as 0.001 for functions f, @, f® and £ and 0.0001 for

S, Comparing case 1 with case 2, it is found that case 2 has better learning

performance than case 1 in both training and testing, having the linguistic variables
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defined with more fuzzy terms. This confirms that the single-stage FNN performs

better by increasing the number of fuzzy terms for its input and output variables.

Table 5.3 The Approximation Accuracy of Single-stage FNN and CFNN Using

Noiseless Training Data

Testing Single-stage FNN CFNN

RMSE | Casel Case 2 Case la Case 1b Case 2a Case 2b

(25 rules) | (SO rules) | (30 rules) | (32 rules) | (56 rules) | (50 rules)
01894 | 01086 | 0.0899 | 00865 | 00601 | 0.0520

P 07293) | (0.4106) | (0.5008) | (0.4913) | (0.3923) | 03721)
0.1045 | 0.0851 | 00580 | 00505 | 00417 | 0.0358

SP | 03047 | 02050) | (02230) | (02108) | (0.1974) | (0.1841)
04226 | 02640 | 03073 | 02560 | 02021 | 01743

S 13094y | 0.8424) | 11127y | 11014y | 08120 | (0.8035)
06938 | 04492 | 05733 | 05087 | 04035 | 03753

S 1 20252) | 0.9964) | 2.1522) | (2.0174) | (0.9025) | (0.9036)
03299 | 02978 | 03111 | 02292 | 03346 | 02120

S| 09578) | (0.5528) | (0.6786) | (0.55%0) | (0.5399) | (0.5197)

The cases 1(a) and 1(b) of CFNN, which have almost the same number of fuzzy
rules with case 1 of single-stage FNN, were then used for approximating these five
functions. In the genetic learning phase, the population size is 40 and the learning
process converges after about 80 generations. For the back-propagation learning phase
of cases 1(a) and 1(b), the learning rates are the same as those of the single-stage FNN.
After 1000 learning epochs, the training (non-bracketed values) and testing (bracketed
values) RMSE values for the five functions are listed in Table 5.3. By comparing with
the single-stage FNN, the CFNN model performs much better in all the five functions.
Besides, case 1(b) seems to produce better results than case 1(a) though they have
almost the same number of fuzzy rules. The only difference between them is that there

are two intermediate variables in case 1(b) while case 1(a) only has one. As to the
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simulation results here, one may conclude that more intermediate variables can realize
more complicated interpolative functions and hence contribute to attain higher
approximation accuracy. Similar observations can also be made from Table 5.5 for
cases 2(a) and 2(b) of CFNN. Again, the CFNN model can attain more accurate
approximation when its linguistic variables are defined with more fuzzy terms and it is
superior to its single-stage counterpart with almost the same number of fuzzy rules. The

testing results of case 2b for all five nonlinear functions are depicted in Fig.5.11.

(c)
Fig 5.11 Testing Results of the CFNN Case 2b for all The Five Nonlinear Functions
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In order to carry out an analysis of model’s robustness, the two cases of single-
stage FNN and the four cases of CFNN model were trained by the noisy data set
generated by eq.(5.25) and the set-ups (e.g., learning rate, population size, etc.) are
exactly the same as before. In Table 5.4, the training (non-bracketed values) and testing
(bracketed values) RMSE values of all the six cases are listed. [t can be seen that the
testing RMSE values get worse differently for the six cases due to the existence of
noises in training data. In order to form a collective view of the model’s robustness, the

following sensitivity index is adopted.

S
> (RMSE},., - RMSE")

P x 100% (5.26)
> RMSEY

j=l

where RMSE,,, and RMSE'’ are the testing RMSE value for function f*” using

noisy

noisy and noise-free training data respectivelly. Since the five non-linear functions
have different statistical characteristics, we use the average value to eliminate
unnecessary variability in simulations. According to eq.(5.26), bigger r means more
sensitive to or less robust to noise. In Fig.5.12, the six » values for the six single-stage
FNN and CFNN cases are plotted. From the figure, the single-stage FNN with 49 rules
(case 2) is the most sensitive one. Even though such single-stage FNN model can be
more accurate in approximation by defining more fuzzy terms for the input and output
variables, its robustness degrades also correspondingly. It can also be seen that bars for
cases 1(a) & 1(b) are lower than that of case | and bars for cases 2(a) & 2(b) are lower
than that of case 2. The improvement in model robustness by cascaded network
structure is obvious. The number of fuzzy terms for each system linguistic variable
plays an important role similarly. The CFNN case 2(a) is the worst one among all the
four CFNN cases as it defines all its linguistic variables with 7 fuzzy terms while the

other CFNN cases define their linguistic variable with 4 or 5 fuzzy terms only. That is
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the reason that why case 2(b) is better than case 2(a) in robustness even both of them

have approximately the same number of fuzzy rules.

Table 5.4 The Approximation Accuracy of Single-stage FNN and CFNN Using

Noisy Training Data

Testing Single-stage FNN CFNN
RMSE | Case | Case 2 Case la Case 1b Case 2a Case 2b
(25 rules) | (50 rules) (30 rules) | (32 rules) | (56 rules) | (50 rules)
0.2134 0.1731 0.0934 0.0905 0.0824 0.0597
(1)
/ 0.7309) | (0.4916) | (0.5213) | (0.5031) | (0.4169) | (0.3941)
0.1677 0.1744 0.0721 0.0625 0.0724 0.0419
()
/ 03068) | (0.2216) | (0.2714) | (02532) | (0.2351) | (0.2103)
0.4278 0.2823 0.3099 0.2621 0.2210 0.1794
-(3) .
! (12767) | (0.8120) | (1.1365) | (1.1943) | (0.8533) | (0.8125)
0.7190 0.5354 0.5801 0.5104 0.4235 0.3804
(4)
Y 2.0477) | (09969) | (2:2130) | (2.1239) | (0.9539) | (0.9297)
0.3490 0.3594 0.3229 0.2357 0.2501 0.2186
(3
/ 0.9576) | (0.6164) | (0.6926) | (0.5921) | (0.5766) | (0.5208)
S
TG TSET i 1
t oo ﬂ B Single-stage Case |
125.00%f" |- DY l B Single-stage Case 2
&20.00%/{ At '
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Fig 5.12 Model Sensitivity Values of Single-stage FNN and CFNN Models
The unmanned vehicle control problem (see Fig.3.13) is used here again as a test
bed of CENN. Two different cases of two-stage CFNN models are considered. In case
1. all the input variables are defined with 3 fuzzy terms, so there are 27 rules in stage 1.

Two intermediate variables with 3 fuzzy terms are adopted, then stage 2 involves 9




Chapter 5: Cascaded Fuzzy Neural Network Model Based on Svllogistic F uzzv Reasoning 17

rules. The output variable is defined with 5 fuzzy terms. In the genetic learning phase,
the population size is set as 40. After about 60 generations, the learning procedure
converged. The learning error was 0.34 in term of RMSE. In back-propagation
learning phase, the learning rate is fixed as 0.0125 and the number of learning epochs is
1000. The final training RMSE is 0.08. For a single-stage FNN using the same number
of fuzzy rules (3x3x4=36 rules in single-stage FNN vs. 27+9=36 rules in CFNN), the
training RMSE’s after learning phase | and phase 2 are 0.36 and 0.11 respectively.
Once again, the learning performance of CFNN is better than that of the single-stage
one. We also tested the CFNN model with three different starting points, i.e.,
{xo,x,,x2}={70,0, 0}, {0,0,0}and {~70,0,0}. The testing results are depicted in
Fig.5.13(a).

Next, we consider another case of CFNN model. All the input variables are
defined with 3 fuzzy terms, so there are 27 rules in stage 1 as in case 1. Two
intermediate variables with 5 fuzzy terms are adopted, then stage 2 involves 25 rules.
The output variable is also defined with 5 fuzzy terms. The difference between case 2
and case 1 is that the intermediate variable in case 2 is more complex than that in case 1.
In the genetic learning phase, the population size is set as 40 again. Atfter about 80
generations, the learning procedure converged. The learning error was 0.26 in term of
RMSE. In the back-propagation learning phase, the parameters used are the same as
previous case. The final training RMSE is 0.024. For comparison, a single-stage FNN
using 4x4x4=64 rules (vs. 27+25=52 rules in CFNN) produces RMSE values 0.28 and
0.09 after phase 1 and phase 2 respectively. Its performance is also not as good as that
of CFNN. We then tested the CFNN model with the same starting points in case 1. The

testing results are depicted in Fig.5.13(b).
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Fig 5.13 The Testing Results of (a) CFNN Model with Simple Intermediate Variables
and (b) CFNN Model with Complicated Intermediate Variables
By comparing Fig.5.13(a) with Fig.5.13(b), it was found that the CFNN model with
complex intermediate variables perform better control ability than the one with simple
intermediate variables in the unmanned vehicle control problem. The same conclusion
can also be derived in term of their training RMSE. As mentioned before, the

intermediate variables in a CFNN model perform interpolative fuzzy reasoning
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procedures and in this simulation play an important role to provide more accurate

control.

5.6 Chapter Summary

In this chapter, a new FNN model based on syllogistic fuzzy reasoning is
proposed and it is called as Cascaded Fuzzy Neural Network (CFNN) model.
Syllogistic fuzzy inference, which is an important form of human being’s various
multistage fuzzy reasoning strategies, is carried out by cascading two or more single-
stage FNN modules together in the new model. No a priori knowledge is assumed
available except for a set of input-output data pairs. The learning procedure contains
two phases. In phase 1, the CFNN structure corresponding to a certain syllogistic fuzzy
rule set is determined by using genetic algorithm (GA). In phase 2, the membership
function parameters of all the linguistic variables involved, including input, intermediate
and output variables, are updated using back-propagation algorithm.

It has been shown by an illustration example that the CFNN model is equivalent
to a single-stage FNN linguistically when the intermediate variables have the same
definition of fuzzy terms in both the consequent part of current stage and the premise
part of the next stage. The abbreviation form of the syllogistic fuzzy rule set is thus the
same as the corresponding single-stage fuzzy rule set. Otherwise, CFNN is equivalent
to a single-stage FNN in terms of input-output mapping achieved since it represents the
desired mapping of the given input-output data pairs. These two kinds of equivalence
are termed as linguistic form equivalence and input-output mapping equivalence
respectively in this chapter.

The intermediate variables in the intermediate stages of CFNN carry out
sophisticated fuzzy reasoning. Moreover, cascaded network structure helps to speed up

the convergence speed in back-propagation learning phase [53]. Simulation results
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demonstrate that the CFNN model has better learning performance than single-stage
FNN when both of them are using almost the same number of fuzzy rules. Finally, the
robustness of CFNN and the single-stage FNN is tested. With Gaussian noises being
added to the training data set, the experimental results show that the CFNN is more

robust than its single-stage counterpart.
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Chapter 6

Conclusions and Future Works

In view of the respective strength and weakness of fuzzy logic and neural
networks, there have been many attempts to synthesize FNN models, aiming at deriving
hybrid intelligent system models that combine their corresponding strengths and
eliminate their individual weakness. Most of the proposed FNN models implement
single-stage fuzzy reasoning, i.e., the consequence of a rule can not be used as a fact to
another rule. Human beings, however, usually take use of more sophisticated reasoning
mechanisms when handling complicated decision making problems. Moreover, it is
well known that single-stage fuzzy reasoning suffers from the dimensionality problem.
Compared with the fruitful developments of single-stage FNN models. the
incorporations of neural networks with high-level fuzzy reasoning strategies, have not
been systematically studied.

FNN modeling based on multistage fuzzy reasoning (MSFR) is pursued in this
dissertation and three types of multistage fuzzy neural network (MSFNN) models have
been proposed, i.e., incremental, aggregated and cascaded. A major characteristic of
such models is that the consequent part of a rule is used as a fact to another rule. The
proposed MSFNN models are not simple extensions of conventional single-stage FNN’s
but implementing sophisticated fuzzy reasoning mechanisms in more flexible neural

network architectures on a higher level.
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The first two types of MSFNN models can address the dimensionality problem
fundamentally and thus the number of fuzzy rules resulted will no longer be an
exponential function of the number of input variables. The new models implement
high-level fuzzy inference and correspond intuitively to three typical ways of reasoning
carried out by human beings. Incremental model is to reason incrementally by
considering some important factors first, making an approximate decision, and then
fine-tuning it by considering more and more factors until a final decision is made. The
aggregated one is to reason in a mixture-of-expert manner, i.e., first considering some
sets of correlated/coupled factors independently and then combining the decisions made
to form a more judicious one, The third MSFNN model, i.e., cascaded one, corresponds
to human being’s syllogistic fuzzy reasoning and chain of reasoning mechanism.

The proposed models consist of single-stage reasoning modules that are arranged
in different hierarchical manners. Each reasoning module can be realized by Lin and
Lee’s FNN model which implements Mamdani fuzzy inference or Jang’s ANFIS model
that realizes TSK fuzzy inference, cascaded one only realize Mamdani inference. We
have particularly addressed the problem of how to distribute the input variables to
different reasoning stages for incremental and aggregated model. In this regard, we
have proposed to analyze the importance of each input variable and the coupling
between any two input variables. Two efficient and systematic input selection methods
have been developed correspondingly and they are distinctive by the properties that no a
priori expert knowledge is required and the computation complexity is greatly
simplified compared with the other hierarchical fuzzy modeling methods.

In addition, the proposed MSFNN models can learn a complete fuzzy rule set
from stipulated data pairs using structure and parameter leamning. A rough fuzzy rule
set of the Mamdani type model is firstly derived by competitive learning and the

network parameters are then updated using back-propagation algorithm in a stage-by-
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stage manner. For the TSK type model, the consequent parameters are determined
using LSE and the premise parameters are trained using back-propagation algorithm.
Such an arrangement can speed up the convergence and perform better approximation
accuracy. The syllogistic fuzzy rule set in cascaded model is found by genetic
algorithm and its relationship with single-stage fuzzy rule set has also been studied.
After genetic learning phase, the network parameters are trained by back-propagation in
order to achieve satisfactory performance.

The effectiveness of the MSFNN models has been demonstrated through various
benchmarking problems. It can be generally concluded that the new models are
distinctive in leamning and generalization. Furthermore, for incremental and aggregated
models, the number of fuzzy rules and fuzzy operations involved can be reduced
significantly as compared with those required by the single-stage counterparts. The
incremental and aggregated models can address the dimensionality problem
fundamentally and hence they can be applied to large-scale system identification,
control, or prediction problems.

The proposed new MSFNN models have their own characteristics and
applications. The guidelines of choosing a specific MSFNN mode! can be considered
from two aspects. One is based on human beings’ understanding of the reasoning
involved in a practical problem and another is based on the tradeoff between resource
cost and performance. Firstly, the multistage models have their individual reasoning
rationales. As mentioned before, incremental structure corresponds to human being’s
stage-by-stage reasoning, aggregated structure is close to mixture of experts and
cascaded structure implements syllogistic fuzzy reasoning. Specifically, cascaded
structure helps to interpret the physical meanings of intermediate variables. For a
practical problem, a suitable multistage structure can be selected according to the

reasoning strategy involved in the problem itself.
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Secondly, choosing a specific multistage structure is a tradeoff between resource
cost and performance. The simulation results point out that the cascaded model is more
accurate and robust than its single-stage counterpart. It performs particularly well if the
number of system inputs is not large. Its cascaded structure, however, still suffers the
dimensionality problem and hence it is not suitable for large-scale systems by itself. It
can be served as a building block in the other two hierarchical architectures, i.e.,
incremental and aggregated.

Incremental and aggregated structures are developed for high-dimensional
problems. Selection from either of them is also problem dependent. By applying our
input selection methods, both incremental and aggregated structures can be identified
within quite a short period of CPU time. If system simplicity is the major concern,
incremental or aggregated structure using less resource is chosen, otherwise choose the
one achieving better performance.

As to the simulations carried out in this study, the TSK type MSFNN models
generally perform better than the Mamdani type ones at the expense of requiring more
resources to implement. On the other hand, the Mamdani type models possess better
generalization ability and are generally more robust than the TSK type ones. If the
system is expected to be distinctive in accuracy, TSK type model should be the first
choice. Mamdani type models can be adopted if the system noise is of a major concern.

MSFR is much more complicated than single-stage fuzzy reasoning and it has not
been studied sufficiently in the past and this dissertation. Among the issues, the
physical meaning of the intermediate variables has never been considered in the
literature. Our future works therefore will concentrate on the study of interpreting the
physical meaning of intermediate variables in all these three MSFNN models and hence
those models can generate not only appropriate but also meaningful multistage fuzzy

rules. In addition, the hybridization of the proposed three basic multistage network
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architectures to form a more general and sophisticated MSFNN will be our another

major concern in the development of new FNN models.
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Appendix A

Back-propagation Learning Algorithm
For Mamdani IFNN Model

The error function to be minimized is defined as:

p

E=YEn =13 (F0-rof A1)
2

=] =]

where Y) and Y(¢) are the desired and actual output from the final stage M at time .
The derivations of this error function £ with respect to each adjustable parameter are
described below.

Let the error signal back-propagated to stage & and the ith node in jth layer of

stage k be A**" and &), respectively, the individual adjustable parameters in layer 2

.,

and layer 5 of stage k are updated as the following derivations.

Layer 3: Since there is only one node in layer 5, for presentation clarity 5%’ and f®
are written as 5,4 and f£;'¥ respectively.

OE
a1

8% = =A*" YEk=M, 1 (A.2)

Specially, the error signal of layer 5 in the final stage M, A'*", can be computed from

eq.(A.l) as:

A4 = 3 (P (1)~ Y () (A3)

t=]
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The membership function parameters of the intermediate/output variable will be

updated as:
oE
m* = m*) = G Vi=1,--,N{* Vk= M, 1 (A.6)
o) = gt oE Vi=1- N® VYk=M,_ ] (A.7)
i ’Td (k) = s LR R ] - ) v .

Layer 4: There is no adjustable parameter in this layer. Only the error signal need to be

computed as follows:

_\.: L3 N: &)

(k) (k) (k) (k) (k) (k) (k) (k)
OF af(k) m o, (ZO‘I U, )—(ij g, U )o,
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Layer 3: As in layer 4, no adjustable parameter is updated. The error signal &'}’ will
be:

5P =69 Vi=1- N® (A.9)

where /th node of layer 4 represents the only consequence of ith node in layer 3 of stage

k.
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Layer 2: The error signal &%’ is derived as:

Nm
o Zq, (A.10)

J=l

where

_ 5/(1;) lff,(”— (lt) (A ”)
9 0 otherwzse )

It means that the error signal of jth node in layer 3 is back-propagated to ith node in
layer 2 only when ith node’s output is the minimum in jth node’s inputs. Each node in

layer 2 has only one input, so u'*’ is written as u‘*’ for presentation clarity.
i 1

'“—m'

(lx) (m
9E__ g 2112 o SWe aly M_'m)_ (A.12)
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=g T stk @) g —m_) (A.13)
ot gom® 2 CAlS

The membership function parameters of the intermediate and input variables will be

updated as:

E

m*) = m® M om 0 Vi=1,-+ N Vk =M, ] (A.14)
oE

ot =V “hggm  Vi= L N Wk =M, 1 (A.15)

The error signal back-propagated to the intermediate variable is transferred to stage -/

as AM)

U -ttty
k) - a.l’:') —2)(“‘“ ,-(k))
=9,,e ' )
(e’

v OE o'vf(k)

A(k)
i OFD Gy

(A.16)

where u*’ = y*="  which is the value of the intermediate variable.

Layer I: The error signal A"’ is back-propagated to stage &-/.
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Appendix B

Back-propagation Learning Algorithm
For TSK IFNN Model

Suppose that the error function to be minimized is defined as (A.1), the error

", and the error signal back-

signal back-propagated to stage k is represented by A"
propagated to the ith node in jth layer of stage k be é’,‘j’. The adjustable parameters in
each layer of stage & can be updated as follows.

Layer 5: Since there is only one node in layer 5. for presentation clarity &%’ and f*’

are written as &'’ and f,'f’ respectively.

=A*"" vk=M,---] (B.1)
The error signal of layer 5 in the final stage M, A*'*" | can be computed from (A.1):
N,
AN =Y (Y(@)-Y () (B.2)

1=l

Layer 4: The error signal back-propagated to layer 4 is:
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Layer 3: The back-propagated error signal is calculated as:
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Layer 2: Similarly, the back-propagated error signal is derived as:
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Layer [: The premise parameters are updated using the following rules:
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where N{* represents the number of partitions of the intermediate variable y*™. The

error back-propagated to stage -/ is:

A(k)

= k) k)
=d +d]

(B.14)
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Appendix C

Compositional Operation in

Mamdani Fuzzy Rule Chaining

Suppose that there are two fuzzy rules having the form as:
Rl:Ifxis A, Thenyis B; R2: Ify is B, Then z is C;
where A, B, and C are fuzzy terms. The composition operation on the two rules can be

represented as:

Hu ()= p(x)o g (6, 9) = vt () A (1 (X) A g (9))} (C.1

K (2) = pup(Y)o py (y,2) = Vitg (D)~ (s (D) A B (2))} (C2)
Then eq.(C.2) can be written as:

He (D) =vAVIa () A (1 () A (D)) A B (2)) (C3)
By applying communicative law, we can have:

He () =vivip () A (u, () A g (VDA e (2)) (C4)
If distributive law is hold, (C.4) can be deducted as:

He (@) = () A (Y (D) A e (2)} (C.5)

If the fuzzy set B is a normal fuzzy set, i.e., v u, (y) =1, then:

He(2) = Vi, (xX) A pc(2)}

(C.6)
=V () A (U () A (2D} = 1 (x) 0 phg(x, 2

and the compositional rule R has the form as:

R:Ifxis A, Thenzis C.
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It is found that several syllogistic fuzzy rules can be abbreviated as a single rule
when the intermediate variable is defined with a normal fuzzy set and distributive law is
maintained in T-norm and T-conorm operation. Usually, Mamdani Max-min fuzzy
reasoning is adopted by syllogistic fuzzy reasoning since the distributive law is

maintained for Min and Max operators.
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