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Abstract

In a great diversity of knowledge areas, the variables that are involved in the behavior of a complex system,
perform normally, a non-linear system. The search of a function that express those behavior, requires techniques as
mathematics optimization techniques or others. The new paradigms introduced in the soft computing, as fuzzy logic,
neuronal networks, genetics algorithms and the fusion of them like the neuro-fuzzy systems, and so on, represent
a new point of view to deal this kind of problems due to the approximation properties of those systems (universal
approximators).

This work shows a methodology to develop a tool based on a neuro-fuzzy system of ANFIS (Adaptive Neuro-
Fuzzy Inference System) type with piecewise multilinear (PWM) behaviour (introducing some restrictions on the
membership functions -triangular- chosen in the ANFIS system). The obtained tool is named PWM-ANFIS Tool,
that allows modelize a n-dimensional system with one output and, also, permits a comparison between the neuro-
fuzzy system modelized, a purely PWM-ANFIS model, with a generic ANFIS (Gaussian membership functions)
modelized with the same tool. The proposed tool is an efficient tool to deal non-linearly complicated systems.

Keywords: ANFIS model, Function approzimation, Matlab environment, Neuro-Fuzzy CAD tool, Neuro-Fuzzy modelling.

1. Introduction

The fusion of fuzzy logic and neural networks in Neuro-Fuzzy Systems (NFS) provides a model based on IF-
THEN fuzzy rules with the capability of learning from samples. Fuzzy systems provide a framework to represent
imprecise information and to reason with this kind of information, while neural networks enhance fuzzy systems
with the capability of learning from input-output data; learning is used to adapt parameters of the fuzzy system
as membership functions or rules. Some example representative application areas of NFS are: pattern recognition
[1, 2], robotics [3, 4], nonlinear system identification [5, 6], adaptive signal processing [7, 8], etc.. In addition, new
potential applications can be found in the field of ubiquitous computing and ambient intelligence [9]. These kinds
of applications involve reasoning and learning algorithms that have to deal with signals from a large number of
distributed sensor nodes [10, 11].

It can briefly be mentioned that one of the main reasons that influenced the success of the neuro-fuzzy systems
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is their ability to approximate continuous nonlinear functions. In this area within the neuro-fuzzy networks, the
following references are highlighted: [12, 13, 14, 15, 16, 17]

This paper presents a design methodology based on a new Matlab tool to develop computational efficient NFS,
PWM-ANFIS Tool'. The Matlab tool, constructed by the authors, is the mainstay of the proposed methodology. It
is a user friendly environment for modelling, analyzing and simulating computational efficient NF'S applications. The
proposed methodology is specially suited for real time applications that involve a large number of inputs. It deals
with efficient implementations of a class of NFS, the adaptive neuro-fuzzy inference system (ANFIS) [19, 20], that
has been widely used to develop NFS in the above application areas. ANFIS is a network representation of different
types of fuzzy inference models, endowed with the learning capabilities of neural networks. In the last decade,
ANFIS has become very popular, mainly due to the powerful capabilities as universal function approximator that it
exhibits, even when simple membership functions like trapezes or triangles are used [12, 21, 22, 23, 24, 25, 26, 16, 27].
The present work focuses specifically on an ANFIS-like model that is functionally equivalent to the Takagi-Sugeno-
Kang inference system [28, 29]. With regard to the computational cost, some different restrictions are applied to
the system in order to reduce drastically the complexity of its inference mechanism which becomes a Piecewise
Multilinear (PWM) function. In what follows will be refered this model as PWM-ANFIS.

The paper is structured as follows: Section 2 overviews the generic ANFIS model and introduces the PWM-
ANFIS used in this paper; the computational efficiency is analyzed in order to highlight the advantages of the PWM
model. In Section 3 the proposed methodology are described. The tool developed by the authors over Matlab and
running on a PC are described in Section 42. Section 5 presents some test examples and the results obtained.
Section 6 outlines the main conclusion of this work. Finally, Appendices A and B show the algorithms realization.

2. Generic anfis model and pwm-anfis

In this section, first will be described the proposed PWM-ANFIS. This model is a NFS of the ANFIS type with
some restrictions on its membership functions that lead to a very simple and rapid inference mechanism. These
restrictions, as will be seen below, hardly affect the learning performance or the approximation capability of the
system at all.

2.1. ANFIS model

First let us introduce the basics of the Generic ANFIS model [19], for the case of a zero-order Takagi-Sugeno-Kang
inference system [12]. Consider a p-rules n-input, one-output fuzzy system:

R : IF 21145 Ay, and 9 is Agj, . ..and xp 35 Ay, THEN yisrj, (1)

where R; is the jth rule (1 <j <p), z; (1 <i<n) are input variables, y is the output, r; is a constant
consequent, and A;;, are linguistic labels (antecedents) with each one being associated with a membership function
KA. (z;), where (1 < j; < m;) being m; the number of antecedents of the variable z; . In a zero-order Takagi-Sugeno-
Kang fuzzy model the inference procedure used to derive the conclusion for a specific input x = (z1, za, .., i, .., Tp),
x € N", consists of two main steps. First the firing strength or weight w; of each rule is calculated as:

n

wj = [ ] Aij. (x2)- (2)

i=1

After that, the overall inference result, ¥, is obtained by means of the weighted average of the consequents.

P

yZ(ij'Tj)/ij)- (3)

Jj=1

The Eq. (2) and (3) provide a compact representation of the inference model.

LA previous work of this tool was presented in [18]
2The tool can be discharged from www.ehu.es/guillermo.bosque
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To generate a complete rule base, all the possible combinations of the antecedents must be taken into account,
therefore, the number of rules p is calculated as:

p= Hmz (4)

ANFIS consists of a representation of different types of fuzzy inference models as adaptive networks. To be

precise, the above fuzzy model can be viewed as an adaptive network with the following layers (see Fig. 1):
n

Layer 1. contains ) m; neurons and computes the membership functions:
i=1

Aij, (). ®)

Layer 2. contains p neurons. Neuron j in this layer generates the firing strength of the j —th rule by computing
the algebraic product:

wj = [ ] Aij. (x:)- (6)

i=1

Layer 3. is an p-neuron normalization layer. This layer performs the normalization of the activation of the
rules; the output of the j —th neuron is the ratio of the j —th rules weight to the sum of the weights of all the rules:

P
(J_Jj :wj/Zwk. (7)
k=1
Layer 4. also contains p neurons. The neuron outputs gives the weights of the corresponding consequents:

Yj = wj - Tj. (8)

Layer 5. contains only one neuron. The neuron output is the weighted sum of the consequents:

p
Y= -7 (9)
i=1

WII be useful further on modify the Eq. (9), extracting the sum of rules activation. This equation can be written
as:

1 p
y= D wry. (10)

p
3w =1
k=1

To train the above network, a hybrid algorithm has been proposed in [12]. The algorithm is composed of a
forward pass which is carried out by a Least Squares Estimator (LSE) process, followed by a backward pass which
is carried out by a Back Propagation (BP) algorithm. In this work will be applied a variant of the BP algorithm
that is the Gradient Descent Method (GDM). Finally concerning the computational cost of the above network, from
Eq. (2) and (3), it can be deduced that the evaluation of an inference requires one division, m™(n — 1) products,
2(m™ — 1) sums and m - n membership evaluations, where it has been assumed that m = my = my = --- = m,,.
This result will be used below when comparing with the proposed PWM system.

2.2. The proposed pwm-anfis model

In order to reduce the complexity of the above ANFIS model, let us introduce the following restrictions on the
antecedents: (i) the membership functions are overlapped by pairs, (ii) they are triangular shaped, and (iii) they
are normalized in each input dimension (see Fig. 2). Similar constraints have been successfully used by many
designers because of the useful properties of triangular membership functions [30].
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Figure 1: Architecture of a generic n-input ANFIS.
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Figure 2: Triangular membership functions verifying constraints (i) to (iii).

In the following will be analyzed the advantages of constraints (i) to (iii) on the simplicity of the layered
representation of the fuzzy system. First, let us consider some immediate consequences of these restrictions. The
first restriction forces the overlapping degree of the antecedents to be two. Therefore, given an input vector
x = (1,22, .., T, .., Tp) only two antecedents per input dimension provide membership values different from zero
(i.e. active antecedents). To be exact, due to (ii) and (iii), only one half of the triangles concerned become active
(see shadow region in Fig. 2). Note that there are both a membership value and its complementary value. For
better understanding of these advantages, let us introduce a two dimensional example.

2.2.1. Two inputs anfis.

Fig. 3 depicts typical membership functions for a particular case of a 2-input system with m; triangular antecedents
per input (m; = 5,ms = 5) verifying the above constraints. It can also be seen in this figure that the vertex of
the 5 triangles delimits 4 intervals per axis. Note that these intervals induce a partition of the input space into
(my — 1) - (mg — 1) = 16 polyhedral (rectangles here) cells or regions.

The input vector (xll, x;) falls into the shaded rectangular region. This region defines 4 active rules, generated
by the combination of membership functions A1a(x)), A1s(x)), Ass(xy), and Agy(xy), (see Bq. (6)), that is:

wg = A12($U:1) Agsz(xy)
wWg = Alg( 1/) A (182/)
w1z = A13($/1) Az /2
wig = Az, 4
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25
The denominator in the Eq. (10) > wy is now:
k=1

Ava(a)) - Asg(z3) + Ara(a)) - Asa(y) + Arz (@) - Asg(xy) + Arz(wy) - Asa(zs).

Grouping terms and in virtue of the restriction (iii), having:

Ara(y) (Aza(w) + Asa @) + Ans(a)) (Aza(w) + Ana(e)) = Ara(y) + Ana(e') = 1.

25
In consequence, Y wy = 1. Now, taking into account the Eq. (10), having:
k=1
Y =wg Ty +wy Tyg+wig - T3+ Wia - T14.
The above example illustrates how the system complexity has been reduced as a consequence of restrictions (i)

to (iii). Note that only 4 terms in Eq. (10) are not null instead of the total 25 terms of the Generic ANFIS. In
advance, will be considered that the membership functions, of a Generic ANFIS, are Gaussian functions.

Az Ag Asy Ags

Au(%)

An(%,)

X2

7 )

Figure 3: Triangular membership functions for an 2-input pwm-anfis case example.

2.2.2. Multi-variable anfis.

Let us now see the proposed model for n-inputs. Fig. 4 depicts triangular membership functions for a particular case
of an n-input system with m; antecedents per input (m; = 7,mq = 5,..,m,, = 4) verifying the above constraints.

Like the above example, the vertex of the m; triangles delimits (m; — 1) intervals per axis and these intervals induce
n

a partition of the input space into [](m; — 1) n-dimensional polyhedral cells or regions. Only one of these cells
is involved in the calculus of the sylstlem output at each time. The whole system can, therefore, be implemented
as a single inference kernel. The parameters of the kernel depend on the concrete cell where the input vector falls
(i.e. active cell). Let us illustrate in what way the restrictions imposed on the antecedent membership functions
simplify the network architecture.

Layer 1. Every neuron in this layer computes one active membership function. In virtue of (i), each input is
concerned with two membership functions per dimension. Therefore, there are only 2n active neurons (only one
pair of complementary neurons per input) in this layer,

A12($1), A13(1‘1), A23($2)7 A24(332), ) AnQ(ﬂfn), An3($n)~

Layer 2. Each neuron in this layer generates a multilinear output which represents the firing strength of a
rule; each multilinear term consists of the product of n linear terms as in Eq. (6). The rules with non-zero firing



66 Journal of Advanced Computer Science and Technology

A A Az A Ais A Ay

AXA - m=1- )
V\/ V Az (Xy)

X1

A Ay Az Ay Ax
A24(X'2)

Aos(s) =1 Ay ()

X, X2

Anl Anz | An3 An4

¥ An3(>f;1) .
A}Z(Xn) =1- AhS(Xn)

Xn

Xn
Figure 4: Triangular membership functions for an n-input pwm-anfis case example.

strength are only those associated with the active neurons in layer 1, that is, 2™ active rules. In the following will
be used wj (1 <k < 2") to denote the firing strength of the active rules.

wy = A12($1) : Azs(x ) et An2($n)
= cee Aps(zn)

w§n_1 = A13($1) . A24($2) R An2($n)
win = A13(21) - A2a(z2) - -+ Anz(@n).

Layer 3. Taking into account constraint (iii), it can easily be proved that the normalization layer disappears
because the division is unnecessary [20].

-
d wi=1 (12)
k=1

Layer 4. The neuron outputs produce the weight of the consequents. Will be used 7} (1 < k < 2") to denote
the consequents associated with the active rules.

Yk = Wi, * T (13)

Layer 5. Finally the output layer is reduced to the sum of 2™ product terms,

Y=wir] +wirs + . Wi Ton_q + WonTon. (14)

In sum, the main benefits of constraints (i) to (iii) on the general ANFIS architecture are a reduction of the
number of neurouns per layer (layers 1 and 2) due to the activation of a reduced number of antecedents, the elimination
of the normalization layer, and a simplification of the network arithmetic. Fig. 5 shows this reduction.



Journal of Advanced Computer Science and Technology 67

Layer 2 Layer 3

1"
A %@
I1

\
A, [ @

Layer 1 Layer 4

Y1 =01

X1

A, E.

—/\

y

Au
"\ A —im
A ) Yp =@y T,

Figure 5: Architecture of a n-input pwm-anfis model.

RN

2.2.3. Computational cost of a pwm-anfis.

With the above restrictions, a total of (2" + 1)n products and 2™ 4 2n — 1 sums is required to perform an inference.
This cost is considerably less than that required by the generic ANFIS and it does not depend on the number of
membership functions m. Moreover, as n and m increase, the difference between both costs (Generic ANFIS and
PWM-ANFIS) becomes extremely large. This fact can be appreciated in Table 1, where the cost for both systems
is depicted for some different n and m values; clearly the difference is very good.

Table 1: Comparison of the computational cost. p: products; s: sums; me: membership evaluations; d: divisions. Numbers
in parenthesis mean that the operations involved are already included in the sums and/or products

PWM-ANFIS Generic ANFIS
m=4 m=>5 m=6
n=2 p 10 31 49 71
S 7 30 48 70
me (4) 8 10 12
d - 1 1 1
n=4 p 68 1023 2499 65183
S 23 510 1248 2590
me (8) 16 20 24
d - 1 1 1
n=6 p 390 24575 93749 279935
S 75 8190 31248 93310
me (12) 24 30 36
d - 1 1 1

2.3. Learning algorithm

Concerning the learning procedure, the advantages of restrictions (i) to (iii) are twofold. Firstly, as has been
seen, the PWM-ANFIS limits the activation of the system each time to a single cell or region of the input space.
This cellular nature of the feed-forward network (fuzzy inferences) also reduces the computational complexity of
the learning algorithm because both LSE and GDM equally require the evaluation of the feed-forward network.
Secondly, the constraints imposed on the input partition reduce not only the active set of parameters for a concrete
input (parameters of the active cell), but also the total set of antecedent parameters.
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Next let us define the parameters over which the learning process will be applied. The PWM-ANFIS network
has two kinds of parameters, namely antecedent and consequent, the antecedent parameters are the coordinates
that define the triangles (see Fig. 6) and the consequent parameters are the constant consequents of the zero-order
Takagi-Sugeno-Kang system (see Eq. (1) and Eq. (10)).

7 AL Ay A Aigi+) A,

ais aij i+ Aigr) &g X
big.y  bij Dig+1)

Cig2  Cig Cij

Figure 6: Coordinates of n membership functions and coordinates for the i-th input pwm-anfis case example.

The parameters to be trained are {(a;;, b;j, ¢i;j), 1 <i <n,1 < j < m,} for the antecedents and {(r4),1 < k < K}
for the consequents. The partition of the input space is completely defined by means of the triangle coordinates
(aij, bij,cij) (see Fig. 6), and then, choosing any intermediate triangle A;;, having that a;; = b;j_1) = ¢;i(j—2)-
Therefore a partition of m; triangles is completely defined by means of m; — 2 parameters, because the center of
the first and the last triangles of the partition match with the bounds of the input universe. The first bound is
a;1 = bj1 = a2 and last bound is by, = Cim; = Cij(m,—1). For example, a 2-input system with a partition of the input
space like that depicted in Fig. 3 (m; = me = 5), requires the adaptation of only 3 antecedent parameters, per
variable, (a13,a14,a15 and as3, asq, ass) against the 15 parameters, per variable, required to define unconstrained
symmetrical or asymmetrical triangles.

Concerning the consequent parameters, the number of crisp consequents to be adapted is equal to the total
number of rules (see Eq. (10)) where all possible rules are considered in order to guarantee the completeness of the
rule set.

Although a basic back-propagation learning rule can be used to adapt the set of network parameters, the learning
process generally becomes too slow. To avoid this problem, the hybrid learning rule proposed in [19], which combines
the GDM and the LSE, is used. Each epoch of the hybrid procedure is composed of a forward pass and a backward
pass. In the forward pass the consequent parameters are identified by the LSE [14] method and in the backward
pass the antecedent parameters are updated by the GDM. Let us briefly present both the LSE and the GDM as
applied to the PWM-ANFIS system. Eq. (10) can be written as

y=wi (x) 11 +wa(x) -re+ ... +wp(x)-rp, (15)

where x is the vector of input variables. Since y is linear in the consequent parameter, r;, and given values
of the antecedent parameters, and a set of training data pair {(xg;yx),1 < k < K}, each training pattern can be
substituted into Eq. (15) to obtain a set of K linear equations.

After the consequent parameters have been identified, the GDM is used to optimize the shape of the m; triangles
in the partition of the ¢ — th input. Consider the error function:

K
1 ’ .2
P g D i) (16)

also called SSE (Sum Square Estimator), where yi is the actual output of the network for the k — th training
data and y;c is the desired output. In the off-line operation mode the parameter update is performed after the
evaluation of all the training patterns. The learning rule for the triangle coordinates, a;;,, with 3 < j < m; (that
is m; — 2 parameters), is

‘ daij, *

a;;’ = aij, +ni- (17)
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where a7 7" is the parameter a;; updated, and 7; is the learning rate for the parameters of the ¢ —th input. The

i

chain rule has been used to calculate the above derivative (see Appendix A) with:

i
daij, " Oaiy,

K
05(a) :% 1; [(yk - y;) : <FactorA 8A”"’ +

aAz . 8Al P
Factor A;(;,-1) % + FaCtOTAi(ji—Q)W)] :
i Wi

The Factors (FactorA;;) are formed by sums and products (see Appendix A).

The learning rule Eq. (17), (18) consists of simple arithmetic operations, subtractions and the sum of prod-
ucts that can be efficiently implemented as SW using a microprocessor or a DSP. Note that, in addition to the
aforementioned advantages, in the system proposed only one kind of parameter is to be trained in the backward
stage, namely, the triangle a;; coordinate, while in the generic model at least two different types of parameters are
involved (e.g. center and width). The above hybrid learning rule is suitable for off-line learning and also for on-line
learning with minor modifications [14].

2.3.1. Modifications for on-line learning

The learning takes account only of one pair of training points,
{(xr = (.Tll,x/g, ...,a:;L> iyk), 1 < k < K}, and the parameters are updated with each couple. This process is

known as Pattern-by-Pattern Learning.
Now referring to the Eq. (14)

Y = w1 (Xg) - T1 Fwo (Xg) -T2+ Fwp (xg) Ty =
19
(wi1(xk) wa(xx) -+ wp(xk)) T = aj -r. (19)

where ay, is the array of antecedents for xy.

The LSE is applied recursively, taking account of the time-varying characteristic of the incoming data. The
recursive formula obtains an array Py [14]. P is calculated with Py, a, a’ and a factor A (forgetting factor). Py
is calculated using Pg, which corresponds to the previous pair of training points. Py is initialized before begin the
learning process and take a value I (matrix identity).

1 Pgoa~aT~P0
P== (P - -2 2_"0%). 20
! )\( 0 )\+aT-P0.a) (20)

With Py, the new consequents are calculated in an incremental mode. New consequents ri; are calculated by
adding to ry (the array of previous consequents and the index k denote the incremental step) an incremental value

[14].
rk+1:rk+P1-a-(yl—aT-rk). (21)

Note that the term a” - r; corresponds to the actual output y, = a” - ry. The new output will be:

k1 = al - rpp (22)
With respect to the GDM there is a little difference between on-line and off-line learning methods. In the on-line

case, the error E seen in the Eq. (16) is only calculated with the current couple, that is, E = %(y;c —y,)? [14].

3. A design methodology based on the pwm-anfis tool

This section presents the design methodology and the PWM-ANFIS Matlab tool developed by the authors. The
proposed methodology provides a compact design flow that encompasses all the steps involved in the development
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of NFS. The tool allows the designer to define multivariable systems without limitations either in the number of
membership functions or in the number of rules. Triangular and Gaussian membership functions are available to
model both PWM-ANFIS systems and generic ANFIS systems, respectively [18].

For purposes of analysis, the tool obtains the SSE (see Eq. (16)) between the target function and its corre-
sponding approximations during the learning process. After training it can also provide the Generalized Sum Square
Error (GSSE), which is the SSE but evaluated with a collection of non-training data. These error parameters give
measures about the approximation capability of the developed system. In addition, the tool generates the object
code for developing both on-line and off-line training applications. The tool has been tested extensively by means
of several nonlinear functions [31] and it has been used to develop efficient SW solutions, high performance HW
solutions, and hybrid HW/SW approaches [32, 33, 34].

The simulation process takes advantage of the Matlab resources, fundamentally in matrix treatments of com-
plex numerical calculations, to give a high speed response. The most popular debugging facilities of the Matlab
environment are also available to refine the system designs. The tool also provides a user-friendly graphic interface
to monitor the evolution of learning processes.

In the next subsection will be presented the developed environment, highlight between off-line and on-line
learning mode and, finally, the tool interface over a PC.

3.1. The pwm-anfis environment

Fig. 7 shows a block diagram of the PWM-ANFIS Tool. The main block is a Matlab program that gives support
for both off-line learning and on-line learning applications.

1. In the off-line learning mode the program accepts the following files: a file that contains the parameters of
the process, a file that contains the Input/Output training data pairs, and a file that contains test data pairs
(optional).

2. In the on-line learning mode, the tool is able to interface with a plant model in a closed-loop configuration,
as can be seen in Fig. 7. In this operation mode the program accepts the file that contains the parameters of
the process while the I-O data pairs are provided by the plant.

The parameters of the process are the number of antecedents for each variable, the learning rate, the target error,
and the maximum number of iterations.

S ., hl "ot
| IjO__‘] -0 i|Parameters Pl'_aé“ |
| Training Test :| ofthe

. : Data
Data Palrsl Data Pairs ;| Process

Pairs

1
L —

N 1T :I
Errors
- SSE - [
- GSSE

| PWM-ANFIS Tool |

Graphical SW Trained
Results .c,.h, Parameters
.exe - Antecedents
- Consequents:

Hw/Sw Hw
Implementation  Implementation

Figure 7: Block diagram of the pwm-anfis environment.

The first step in the development cycle consists in loading the parameters of the process. Then the tool extracts
the system size and generates an initial (non-trained) PWM-ANFIS and the training process commences. In the
off-line mode, the training data pairs are read from the text file, while in the on-line mode, they are provided by the
plant. Meanwhile, the user is able to monitor the evolution of the SSE. The training process finishes when either
the specified error is achieved or the maximum number of iterations is reached. If the GSSE option is enabled, the
test data file is loaded and the GSSE is calculated. In addition, the graphical interface provides a representation of
both the trained function and the target function. Moreover, the membership functions (initial and final triangle
partitions) are represented.
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As a result of the trained process the PWM-ANFIS Tool generates a text file with the trained parameters
(antecedents and consequents) which can be exported to develop different kinds of implementations. In addition,
Matlab is able to compile the m-file program (script) to provide C code. Hence, an executable file can be imple-
mented, for instance, on a microprocessor, a digital signal processor (DSP), or a System-on-a-Programmable Chip
(SoPC).

3.2. Functional description of the matlab program

The program has been structured into the functional steps shown in Fig. 8.

Program Steps
Import parameters @
of the process

Import:
- Input/Output training data pairs @
- Test data pairs (optional)

\

Generation of Universe of Discourse,
Initialize parameters antecedents and consequents

Generation of Triangular or
Gaussian membershlp functions

‘ Calculation of ANFIS Layers @
‘ Hybrid Learnmg Procedure
\

Generation of graphics and
Export parameters

Figure 8: Program steps.

e Step 1. Import the Parameters of the Process. The tool imports the file that contains the parameters of the
process such as the number of antecedents m;, the learning rate 7 for the variables, the error target SSE;,
the maximum number of iterations and the indication about the existence of the non-training data pairs to
calculate the GSSFE.

e Step 2. Import the Input/Output samples. In this step the file that contains the Input/Output training data
pairs and the file that contains non-training data pairs (optional) are imported. After training, the GSSE is
obtained. This error parameter gives measures about the approximation capability of the developed system.

e Step 3. Generation of universe of discourse and calculate the parameters of the membership functions. The
program extracts the universe of discourse of the input and output variables. In addition it assigns the initial
parameters of the antecedents and consequents.

e Step 4. Generation of Membership Functions. Generation the array of membership functions, A;j,, over
the universe of discourse. In the case of triangular membership functions the program takes into account the
restrictions (i)-(iii) that characterize the PWM-ANFIS developed in this work.

e Step 5. Calculation of ANFIS Layers. The tool applies the algorithm, namely Algorithm of Rule Activations
(see Appendix B) to implement the Eq. (11) and Eq. (14). This algorithm is divided in two sub-steps. The
first one obtains the array of antecedents index that is the current combination of the membership functions,
and the second calculates the product of those membership functions to obtain the weight of the rules wj (see
Eq. (11)), the contribution of each rule y; (see Eq. (13)), and the output value y (see Eq. (14)).

e Step 6. Hybrid Learning Procedure. In this step will be used the array of antecedents index obtained in the
previous step to calculate several factors (FactorA;; -see Eq. (18) and Appendix A-). The learning procedure
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Figure 9: Simplified diagram of the hybrid learning algorithm.

presents some differences between Off-Line and On-Line learning. The procedure finishes by calculating the
new output y. The Fig. 9 shows schematically the learning process.

1. Off-Line - Hybrid Learning. The learning covers the full set of training points. The process consists
of nine functional steps and is repeated for several iterations. The process can finalize in two cases, a)
if the number of iterations arrives at the target, b) if the error is less than the target. Fig. 10(a) shows
the steps for this.

2. On-Line - Hybrid Learning. The learning takes into account only one couple of training points
{(xk = (x/l, x;, - x,n) ;yk) A<k<Z K} The process consists in eleven functional steps. In this tool,
the iterations take place once the pairs have been taken into account and finalize with the same conditions
as in the off-line process. Fig. 10(b) shows the steps for this algorithm.

e Step 7. Generation of Graphics and Export Parameters. Finally, the program displays the results in several
graphics (evolution of SSE and the value of GSEFE) and exports a file with the new parameters (antecedents
and consequents) of the trained system.

4. The pwm-anfis tool running on a pc

Taking into account that the Matlab program needs to work with several files to be built by the user; a java-written
interface allows to build such files easily and to launch the Matlab program. Firstly, the interface allows to select
between two ANFIS models, PWM-ANFIS and Generic ANFIS. The first one works with triangular membership
functions as we have seen at length previously, and the second one, with free Gaussian membership functions.
The last model make it possible to compare the approximation capability of the PWM-ANFIS versus the Generic
ANFIS.

The tool allows working with continuous variables or binary input. The objective function can also be continuous
or binary. Has set the limit of at least one input variable must be continuous. Fig. 11 shows the tool interface.

Has been introduced a restriction in this version of the tool, the PWM-ANFIS Tool works in off-line mode.

For methodology of work will be followed the next steps:

4.1. Selecting the model:

The tool lets choose between PWM-ANFIS models and Generic ANFIS model. Fig. 11 shows the selection in the
top center panel.

4.1.1. PWM-ANFIS

This model is the result of introducing a number of restrictions in the ANFIS model. The membership functions are
triangular, normalized and overlapped by pairs, the Fig. 12(a) shows an example with four and seven membership
functions for two input variables. These restrictions allow considerably reduce the computational cost of the
modeling process and to simplify implementation hypothetical Hardware (HW) of the approximate network [35, 32,
34].
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Figure 10: (a) Off-line procedure, (b) On-line procedure.

This choice shown in Fig. 13 the table -PWM-ANFIS Parameters- with specific parameters of this model.

Fig. 14 shows the relationship between the coordinates that define the triangles of the membership functions A;;
(input variable i - antecedent j), taking into account the above restrictions. Due to the restrictions will have a;; =
bi(j—1) = ci(j—2), being the first boundary of the triangles a;; = b;1 = a;2 and the last limit by, = cim,; = Ci(mi—1)-

4.1.2. Generic ANFIS

This model works with Gaussian membership functions free, ie, in the learning process each membership function
can move freely. The initial Gaussian are generated equidistant. Fig. 12(b) shows this selection for five and three
membership functions.

This choice shown in Fig. 15 the table -Generic ANFIS Parameters- with specific parameters of this model .

Fig. 16 shows the two parameters, o;; and m,; (input variable i - antecedent j) which define a Gaussian membership
function A;;.

4.2. General parameters:

The general parameters are valid for both models (PWM-ANFIS and Generic ANFIS). The panel -General Settings-
shows three parameters to adjust: Number of variables, target Error (SSE) and Maximum N of iterations.

1. Number of input variables: The tool can model functions from 2 to 8 input variables (21, 2, ..., x3). Using
a drop-down list will select the number of variables involved in the function.

3This constraint can be modified
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Figure 12: Membership functions (a) Triangulars, (b) Gaussians.

2. Target error SSE (Sum Square Error): Introduces the minimum error to be achieved during the training
network process. The error is calculated according to the expression 16, where y; represents the current
network output for the k-th training data and y, is the desired output (target) and K is the set of data

training pairs {(Xk;y;), 1<k< K}, being (x = (z1, T2, ...,xg);y;).

3. Maximum number of iterations of the learning process: The maximum number of iterations to be performed
by the learning algorithm to trained the network. If the error SSE is reached before finalizing the maximum
iterations, the process will finish.

The change of the model, keeping the same general parameters, is interesting when a comparison of the approxi-
mation achieved by the two models is desired. Modelling ends when the error has been reached or SSE has reached
the number of iterations introduced. Fig. 13 shows the PWM-ANFIS option and the corresponding parameters
table. Fig. 15 shows the ANFIS Generic option and the corresponding parameters table.

4.3. Antecedent parameters and learning rates:

Next will be chosen parameters relating to the antecedents (membership functions) and learning rates for these
parameters. Are chosen the number of antecedents per input variable. In the case of PWM-ANFIS model will
be equidistant triangles and in the case of the ANFIS Generic model will be equidistant Gaussian membership
functions. Learning rates have the following characteristics:
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Figure 14: Membership functions and coordinates to the #-th input of a system PWM-ANFIS.

PWM-ANFIS model:

Number of antecedents: Introduces the number of background triangular membership functions for each
variable. The minimum number of antecedents is 3. At runtime, if the tool detects that any variable is binary,
assigns 2 antecedents as can be seen in Fig. 17 with a function of 4 input variables, being binary two (x5 and

Learning rate: A learning rate, 1), to each variable is assigned, which will mark the evolution of the triangles
coordinates. Is introduced an initial estimated value for each variable (see Fig. 13). The rates can be adjusted
experimentally by the user to determine which are the best for the learning process. Rates affecting the first
coordinate of the triangles (a;;). The minimum allowable rate is 0.0001.

Generic anfis model:

N of antecedents: Introduces the number of background Gaussian membership functions for each variable.
The minimum number of antecedents is 3. If the tool detects that any variable is binary at runtime, assigns
2 antecedents as can be seen in Fig. 18 with a function of 4 input variables, being binary two (z2 and x3).

Learning rate: To be Gaussian membership functions, there are two learning rates for variable, the first
applied to the evolution of o, width of the Gaussian, and the second to changes in m, coordinate of the
Gaussian center (see Fig. 15).

(a) Rates o: Rates of o affect the width of the Gaussian.

(b) Rates m: Rates of m affect the position of the Gaussian.
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Introduces an initial estimated value for each variable. Rates can be be adjusted experimentally by the user
to determine which are best for the learning process.

In both parameters the minimum rate is: 0.0001.

Will be highlighted that the modeling will be started with low rates of learning, due to the potential instability
that can lead to excessively high rates. This is an area that shows highly empirical.

4.3.3. Dynamic variations of the rates:

The tool allows the user to try modeling with fixed learning rates or dynamically variable, ie, in the second case
adapted to increase or decrease the error during the iterations according to the new approach (evolution of the
error), the rates remain unchanged, increase or decrease.

The dynamic variation of the rates is of interest in trials with a high number of iterations. The executable program
examine the rates every 6 iterations, increasing slightly if the error rate is equal SSE, increasing the rate more than
in the previous case if the error SSE has diminished or decreasing the rate slightly if the error SSE has increased.
Fig. 19 shows the selected option.

4.4. Obtaining the generalized error:

As indicated previously, the tool modeling a nonlinear function by comparison with a target function. Modeling
involves a learning process performed during a series of iterations. After each iteration, the result is compared with
the target function, that generates an error SSE and therefore evolution of the error curve along the iterations
scheduled.

At the end of the learning process the tool allows calculate the named generalized error GSSE (Generalized Sum
Square Error) made a comparison between the approximated network (model) and a test function whose points do
not coincide with those of the target function (training points). Fig. 20 shows the choice of calculating the GSSE
and the effect of this election shows the select button function test.
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Figure 18: Membership functions of continous and binary Gaussian variables.

4.5. Parameters file created with the parameters chosen

When the parameters has been introduced, the tool generates a parameters file which will be read by the executable
program. Each model generates a different file.

1. PWM-ANFIS model file: The generated file is named parameters_tri. Table 2 (a) shows the generated

file for this model. The example shows that the GSSE error has been chosen (1) and has not been chosen the
dynamic learning rate (0).

2. ANFIS Generic model file: The generated file is named parameters_gauss. Table 2 (b) shows the generated
file for this model. The example shows that the GSSE error has not been chosen (0) and has been chosen the
dynamic learning rate (1).

4.6. Selection of the target Function and the test Function:

The next step consist in choosing the target function and the test function, if the last is available. These functions
must have a certain format as will be explained forward. Are files created by the user and which can be termed at
the discretion of the user.

Both target and test functions present a matrix structure where each row is a pair {(Xk; y;c),l <k<K }, being

(xk = (21,22, ..., 28) ; y;) The coordinates can be ordered or not, there are only one restriction: the columns must
be in order, that is, the first column corresponds to variable x;, the second column corresponds to the second

’

. . . . ’ . .
variable xq, etc, therefore the minimum number of columns is (21, 22,y ) and the maximum is 9 (z1,z2, ..., T8,y ).
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Fig. 21 shows the selection buttons of the target function and the test function. As has been mentioned earlier,
the function test can be extracted of the target function, provided that will be available a large number of target
points. Table 3 shows the different coordinates associated to the target value by rows and the variables order by
columns. The last column corresponds to the target value.

4.7. Program execution

Finally, proceed with the execution of the program that performs the modeling and training the neuro-fuzzy net.
The program is an executable of the program realized in Matlab environment.

5. Application of the development methodology to some nfs case ex-
amples

5.1. Approximation for off-line training

In this section, the proposed PWM-ANFIS Tool will be used to develop some NFS examples. The examples deal with
the approximation of non-linear functions. In particular, in the first, second and third example, some functions that
are commonly used as test examples in related works are selected [14, 36]. All these examples clearly illustrate the
proposed methodology and they also show how the PWM-ANFIS has good approximation capability and learning
performance despite the imposed restrictions.

5.1.1. Two-variables.

In this example the approximation of a polynomial 2-input function is presented. The target function is y =

W This function is graphically shown in Fig. 22(a) where the universes of discourse have been normalized,
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Table 2: Parameters file (a) PWM-ANFIS Model parameters_tri, (b) Generic ANFIS Model parameters— gauss.

Position Meaning Example Position Meaning Example
0 Max. n of Iterations 25 0 Max. n of Iterations 55
1 SSE Target Error 0.0005 1 SSE Target Error 0.003
2 GSSE Error 1 2 GSSE Error 0
3 Learning Rates Adjust 0 3 Learning Rates Adjust 1
4 N of antecedents xq 4 4 N of antecedents xq 4
44n-1 N of antecedentszy, 5 44n-1 N of antecedentsxy, 5
44+n Learning Rate x 0.75 4+4+n Learning Ratem xzq 0.01
4+42n-1 Learning Ratexp, 1.2 4+42n-1 Learning Ratem xp, 0.02
(a) 4+2n Learning Rateo xq 0.04
4+43n-1 Learning Rateo zp, 0.06
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Figure 21: Interface of the pwm-anfis tool: function selection.

x1 € [-1,1] and 23 € [1,1]. A collection of training points is obtained by sampling z; and z2 with 41 points
respectively; hence, there are a total of 1681 (412) training points. The parameters for the system are the following:

1. Number of antecedents for each variable m; = my = 11
2. Learning rate for each variable n; =7, = 3.5
3. Maximum number of iterations i,,q, = 50

4. Target error SSE; = 1074

The tool starts by importing the input files from which the size and dimensionality of the NF'S are calculated. Then,
it builds up the NF'S and begins the training process. After the 50th iteration, the process stops and displays the
SSE curve value (see Fig. 23). Can be seen that the system reaches the error SSE = 1.96 10~%. The tool also
provides a graphical representation of the obtained surface (i.e., the output for the training points) (see Fig. 22(b)).
Note the close similarity between the target function and the learned function. Also, can be see the initial and
learned membership functions in Fig. 24. The GSSE has not been evaluated because the full set of test points
has been used in the training process. Table 4 shows the comparison between the PWM-ANFIS and the Generic
ANFIS (unrestricted Gaussian membership functions) with 11 Gaussian membership functions per variable. As can
be seen in this case, due to the nature of the Gaussian membership functions, the Generic ANFIS outperforms the
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Figure 22: (a) Two-variable target function, (b) Two-variable learned function.

approximation obtained with the PWM-ANFIS in the training points. The results are similar choosing 8 Gaussian
membership functions per variable (GSSE = 2.6-107* ).
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Figure 23: Evolution of the SSE for the two-variable example.

5.1.2. Three-variables.

In this example the approximation of a polynomial 3-input function is presented. The target function is y =

(1+ 295 + 25t + 2315)2, with 2, £ and 3 in [1,6]. In this experiment a total of 1331 (11%) training points and

another 1000 intermediate test points have been collected. The input parameters are now the following:
1. Number of antecedents for each variable mi = mo = ms =5
2. Learning rate for each variable 1, = ny = 13 = 0.99

3. Maximum number of iterations i,,q, = 30

4. Target error SSE; = 0.0001
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Figure 24: (a) Two-variable initial membership functions, (b) Two-variable learned membership functions.

Fig. 25 shows the obtained surfaces, (a) target surface and (b) learned surface, where x3 has been taken as a
parameter. Fig. 26(a) shows the error values once the 50 iterations have been completed. Can be see again that

the system reaches very low error values; i.e., SSE = 0.0398 and GSSE = 0.031. Table 4 shows the comparison
between the PWM-ANFIS and the Generic ANFIS with 5 membership functions per variable.

Figure 25: Three-variable function with x3 as a parameter (a) target function, (b) learned function.

In this case, both the SSE and the GSSE, are lower if a Generic ANFIS is used. However, despite of the restriction
imposed on the present system, the approximation capability of the PWM-ANFIS is not significantly reduced in
comparison with the Generic ANFIS; note that both errors are of the same order of magnitude.

Table 4: Comparison of the approximation capability between PWM-ANFIS and Generic ANFIS for examples with two,
three and four variables

PWM-ANFIS Generic ANFIS

N2 Variables | SSE | GSSE SSE GSSE
2 1410717 - 2.6510°F -
3 0.0398 | 0.031 0.016 0.015
4 0.044 0.072 0.096 0.061

5.1.3. Four-variables.

To analyze the response of the system for a large number of inputs, a 4-input function has also been tested. The
function is given by y = 4(x1; — 0.5)(z4 — 0.5) sin(27(x3 4+ x3)'/?), where 21,2, 23 and x4 in [-1,1]. The number
of training points and test points are respectively 4096 (8*) and 2041 (7). The parameters for the system are the
following:

1. Number of antecedents for each variable my =mo =mg=my =5
2. Learning rate for each variable n1 =1y =13 =14 = 0.5
3. Maximum number of iterations i,,q,, = 50

4. Target error SSE; = 0.0001
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Results obtained are depicted in Fig. 26(b). Once again can be see that the values of the errors are very small; i.e.,
SSE=0.044 and GSSE=0.0722. Fig. 27 shows the initial and learned membership functions. Table 4 shows the
comparison between the PWM-ANFIS and the Generic ANFIS with 5 antecedents per variable.

LEARNING REGISTER : SSE LEARNING REGISTER : SSE

SSE(1) : 0.26891
SSE(30) : 0.044345

GSSE: 0.072231

SSE(1) : 0.078742
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GSSE : 0.031476

20 25 30

of

20 .30 40 50 15_
Iteration Iteration

Figure 26: SSE and GSSE errors (a) 3-variable example, (b) 4-variable example.

Figure 27: (a) Four-variable initial membership functions, (b) Four-variable learned membership functions.

As in the first example, the PWM-ANFIS reaches a lower SSE. However, concerning the non training data points,
the GSSF is lower if a Generic ANFIS is used. This last result is in agreement with the well known properties of
Gaussian membership functions in Neuro-Fuzzy modelling [31]. As in the previous examples both errors (SSE and
GSSE) maintain the same order of magnitude.

5.2. Approximation for on-line training

This example has been performed with the tool developed on Matlab without the Java interface of the PWM-ANFIS
Tool as has been presented in the Section 3.

5.2.1. Identification of a plant.

An on-line training experiment has also been carried out [14]. On this occasion, the PWM-ANFIS system has to
identify an unknown function of a given plant, from which are taken input-output samples. Let us assume that the
plant is governed by the following difference equation: y/(k +2) = 0.3y/(k +1) + 0.6y (k) + f(u(k + 1)) where 3 (k)
and u(k) are respectively the output and input at time step k, and f(u) is the unknown function to be identified.
Shall be assumed that f(u) has the following form: f(u) = 0.6sin(wu) + 0.3 sin(37u) + 0.1sin(57u) therefore will
be taken from this equation the collection of input-output data samples for training. Finally the input w(k) is a
sinusoid function: w(k) = sin(27k/250). The number of samples for u(k) is 250.

In order to identify the plant, the new function under consideration is: y(k+2) = 0.3y(k+1)+0.6y(k) + F(u(k+1)),
where F(u) is the model to be identified by the PWM-ANFIS Tool. This function has a single input, hence the
number of rules and consequents is the same as the number of membership functions, and the number of membership
functions is chosen by trial and error. For example, good approximation can be obtained with 30 membership
functions. The parameters for the system are the following:

1. Number of antecedents for each variable m; = 30
2. Learning rate for each variable n7; = 0.01

3. Forgetting factor A =1
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Figure 28: (a) Target Plant and (b) Learned Plant.

4. Maximum number of iterations ¢,,q, = 100

5. Target error SSE, =10"12

Taking into account that SSFE is calculated on each training couple, it is better to have an accumulated error such
250
as the sum of SSE obtained in all iterations, that is to say Sum_SSE(sample) = Y.  S5E(sample)

sample
sample=1

Fig. 29(a) shows the comparisons between the target function and the learned function. Can be see how the learned
function follows the target one almost immediately. This result is made clear in Fig. 29(b) where the accumulated
SSFE between these functions has been depicted.
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Figure 29: (a) Target and Learned Plant, (b) Learning Register Sum_SSE.

The results obtained for the above examples lead us to conclude that the learning performance of the PWM-ANFIS
is satisfactory in comparison with the Generic ANFIS; the results show that Generic ANFIS is hardly a better
function approximator but the order of the errors is the same in both models. However, taking into account Table
1 showing the computational cost of both models, the advantages of PWM-ANFIS are obvious.

6. Conclusions

A tool for modelize complex systems has been presented. The tool are based on a class of neuro-fuzzy systems
and has been developed on Matlab environment. The class of the neuro-fuzzy systems is an adaptive neuro-fuzzy
inference systems (ANFIS) with piecewise multilinear (PWM) behavior. The tool has been named PWM-ANFIS
Tool and presents a computational-efficient behaviour tested with several non-linear functions both on-line and
off-line learning. The tool presents a very good approximation capabilities and learning performance.
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APPENDIX

CHAIN RULE AND FACTORS

Taking into account the Equation (16), the derivative of this expression is:

0E(a) 0 [ 1 & )2 1 (& . Ok
= s k=) | =+ Yk — Ur) : (23)
80,1‘]'1. 8aiji <2K kZ:1 K ; 3am
Now, it is important to highlight the term aigi-? , taking into account the Equation (15),
Oy dwt Ok Ouwq Quwr
= ... ... 24
8aiji n Baiji tre 8aiji + + "a 8aiji + + "p 8aiji ’ ( )
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*
where the super-index k refers to the kth-sample. The term %, referring to the Equation (15) is expressed as:
ids

Owk 0
L= o [[Au ), (25)

where 1 < j; < my. The Algorithm of Rule Activations (see appendix B) produces all the combinations of the
antecedents, and the value of the index j; is thus calculated (Fig. 5 shows the combination of all the antecedents).
Taking into account the restrictions of the triangles (see Fig. 6) will have (a) a;j, = bj(;,—1) and a;j, = ¢;(j,—2),
then:

0, ifl#£14
0, if ji # ji or ji # ji — 1 or
DA (a. Ju# Ji —2
OAy; (i) _ 0Ay;, (z1) X . o
Daij, pa, if l =4 and j; = j; (26)
where 1<l <n | (1)
—UimDTlifl =4 and j; = j; — 1 (a)
i3
OA; (5. _o) (x4 . . . .
PRl il = i and ji = ji — 2 (b),
i
where
0Aij;(zi) _ 1 ( Ti—i(j;+1) )
daij, @i(j;+1) = @ig; \ Qi(j;+1) i
S N Sy 7 (27)
daij, @i +1) " Gig; \ GiG;+1) i,
A~ (i) _ 1 Ti—Qi(j;—1)
daij, Qij, —Qi(j;—1) \ @ij; —iGi;—1) )

Thus will have three terms for each a, .

A, (x;) OAij,—1)(xi) O0Ai(j—2)(wi) 8)

bl Y
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Applying these terms to the Equation (25)

I1 Aisi(xz‘)> T()

si#Ji

O OA; (5. _ i
g = Ol T A | PRt (29)
si#ji—1 ‘

OA; (. — i
[I A (i) %aifm’

SiFJi—2

where ¢ that affects to the three terms, is obtained in the algorithm expressed in m-code, as will be seen below in
this appendix. The variable ¢ of this m-code has the same interpretation that in the equations. (24), (25), (29).
The algorithm has three sections,

1. Factors for z1: where ¢ concerns to the parameters ai;,

2. Factors for z;, being 2 < ¢ < n: where ¢ concerns to the parameters asj,, j € [1,ma], S (n—1)j a1y
j S [17m(n—1)]

3. Factors for x,,: where ¢ concern to the parameters a,;j,, j € [1,m,]
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Each product of the antecedents, in the Equation (29), has n-1 terms. Applying this process in the Equation (24),
and grouping the different products shall be obtained the final expression:

8yk 0A;;, 8141( ji—1)
L —F(A; ) —2 + F(Ays S gim )
aaul ( j’L) 804”1 + ( 'L(Jz 1)) 3(11']'1 + (30)
F(A ) )8141‘(%_2)
1(Ji—2) aaiji :

The grouping of the different products has been made with reference to the next algorithm. Firstly taking into
account the structure of the combination of all the antecedents will have the next definitions:

1. Number of Rules (NR): NR= [[ m;

i=1
2. Number of Consecutive Elements (NCE) for a variable ¢ and an antecedent j;:
(a) Ifi #n, NCE(i) = [] mu

k=i+1
(b) if i =n, NCE(n) =1

3. Number of Total Elements (NTE) for a variable ¢ and an antecedent j;:
(a) Ifi=1, NTE(i) = NCE(3)

i—1 n
(b) Ifi # 1, NTE (i) = [] m; - [[ ms, could be also expressed NTFE (i) = &£
i=1

i+ i
4. Number of Blocks of Elements (N B) for an antecedent:
(a) Ifi =1, NB(i) = 1

i1 ,
(b) Ifi#1, NB(i) = k]_[l my, could be also expressed NB (i) = xgggz;

5. Gap between Blocks of Consecutive Elements (GBCE):
(a) fi=1, GBCE(1)=1
(b) If i # 1, GBCE(i) = ] mu, could be also express GBCE(i) = N]\g(%i)
k=1

From now on the antecedent A;;, will be expressed in matrix form A(i, antecedent), where i is the variable and
antecedent is the number of antecedents for this variable, m; will be m(i). The variable structure_antecedents con-
tains the combination of the antecedents for a rule and is obtained in the Algorithm of Rule Activations (Appendix
A.2). The algorithm will be expressed in m-code of Matlab.

1. Factors for 1,

k=1; nce= NCE(1);
for 5 =1:m(1) % For 1 to the number of antecedents of x;
sum = 0;
for g =k : nce
semi_antecedent = 1;
fori=2:n
antecedent = structure_antecedents(q,1);
semi_antecedent = semi_antecedent * A(i, antecedent);

end

sum = sum + r(q) * semi_antecedent;
end
k =nce+1;

nce = nce + NCE(1);
FactorA(1,j) = sum;
end
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2. Factors for x;, where 2 < i < n,

for i =2:n —1 % Variables between 1 and n
k =1; nce = NCE(i);
for j =1:m(i) % For 1 to the number of antecedents of z;
sum = 0;
for nb=1: NB(i)
semi_antecedent = 1;
for g =k : nce
forvar=1:7—-1
semi_antecedent = semi_antecedent * A(i, antecedent);
end
forvar=i+1:n
antecedent = structure_antecedents(q,1);
semi_antecedent = semi_antecedent x A(i, antecedent);
end
sum = sum + 1(q) * semi_antecedent;
end
k=k+ GBCE(i);
nce =k + NCE(i) — 1;
end
FactorA(i,j) = sum;
k=NCE(@{)*j+1;
nce =k + NCE(i);
end
end

3. Factors for z,,

k=1; p=1; % Internal Variables
for j =1:m(n) % For 1 to the number of antecedents of x,,
sum = 0;
forg=j:m(n): NR— (m(n)—p)
semi_antecedent = 1;
fori=1:n-1
antecedent = structure_antecedents(q,n);
semi_antecedent = semi_antecedent * A(i, antecedent);

end

sum = sum + r(q) * semi_antecedent;
end
FactorA(n,j) = sum;
p=p+1L

end

B. ALGORITHM OF RULE ACTIVATIONS

This algorithm obtains an array, named structure_antecedents, which contains all the combinations of the an-
tecedents of the variables that conform all the rule activations (see Eq. (11)). With the index index _antecedents
the algorithm obtains the structure_antecedents. The algorithm is written in m-code of Matlab.

fori=1ton

index_antecedents(i) = 1; % Index that cover all antecedents of each variable x;

round(i) = 0; % Variable that shows if all the antecedents of a variable x; have been covered
end
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p = 1; % Internal Variable
structure _antecedents = [|;

while round(1) ==0
for j =1:m(n) % m(n) is the last antecedent of the variable z;
structure_antecedents(p, :) = index_antecedents;
structure _antecedents(p,n) = structure_antecedents(p,n) + j — 1;

p=p+1L
end
fori=n—-1:-1:1
ifi==n-1

if index_antecedents(i) < m(i)
index_antecedents(i) = index_antecedents(i) + 1;
else
index _antecedents(i) = 1;
round(i) = 1;
end
else
if round(i+1) ==1
round(i + 1) = 0;
if index_antecedents(i) < m(7)
index_antecedents(i) = index _antecedents(i) + 1;

else
index_antecedents(i) = 1;
round(i) = 1;
end
end
end
end

end
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