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Abstract: This paper presents an initial proposal for the utilization of mediative fuzzy logic in control
problems. Mediative fuzzy logic (MFL) was originally proposed with the idea of modeling situations
in which there exists contradictory knowledge among several experts in an application domain. In
this situation, a mediative solution may be a better choice in this particular decision-making situation.
In this paper, we are extending the concept of fuzzy control to the realm of MFL for situations in
which we have two or more control experts, and the design of the fuzzy controller has to be based on
their knowledge. In this situation, we are taking advantage of the symmetrical nature of membership
functions in reducing the complexity of designing the fuzzy controllers. The goal of this study was
to improve control results by combining the knowledge of several experts, which MFL is aimed at
executing. The initial architecture of mediative fuzzy control for type-1 fuzzy logic is presented,
and an illustrative example is used to better comprehend the proposed approach. Later, we extend
type-1 MFL to the realms of type-2 and type-3 fuzzy logic, and we also provide a comparative study
that exhibits that the type-3 version surpasses the type-2 and type-1 versions of mediative fuzzy
control. The idea of utilizing type-2 and type-3 is to improve the capabilities of the fuzzy controller in
handling uncertainty coming from noise in the control process.

Keywords: fuzzy control; mediative fuzzy logic; mediative fuzzy control; type-3 fuzzy logic

1. Introduction

In computational intelligence, it is well known that fuzzy systems can successfully be
applied in a plethora of areas, such as control, diagnosis and prediction. Originally, fuzzy
sets (now called type-1) were put forward by Lotfi Zadeh in 1965 [1]. Later, fuzzy logic and
fuzzy systems were also proposed by Zadeh, and many applications followed, mainly in
control [2].

The concept of mediative fuzzy logic (MFL) was originally proposed by the authors in
2005 [3], and was later illustrated with an application to control a parameter in the human
evolutionary algorithm [4]. This initial proposal was only for type-1 fuzzy logic and was
viewed as an extension of intuitionistic fuzzy logic. Later, other authors have applied
this concept to several medical problems, such as heart disease diagnosis [5,6], diabetes
diagnosis [7], prediction of the COVID-19 pandemic [8] and others [9]. In summary, most of
the existing works utilizing MFL have been carried out in relation to the medical diagnosis
area, where the knowledge of several medical experts is combined to improve the diagnosis.
However, even with these developments, the extension of mediative fuzzy logic to the
realm of fuzzy control has remained an open problem, which can be viewed as a research
gap in this area. The only similar work we can mention on this line of research is the
recently outlined proposal of type-3 intuitionistic fuzzy logic (IFL) in [10], as the type-3
mediative fuzzy system could be thought of as a generalization of that work. This was
the motivation for undertaking this work, in which we are putting forward the extension
of mediative fuzzy logic to the realm of fuzzy control with the expectation that this will
provide us with even more powerful tools to solve complex and uncertain decision-making
problems. Since MFL was initially proposed for type-1, it is natural to think about its
extension to the realms of type-2 and type-3, and, in this sense, this is how the existing
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research gap that motivated our work was identified. The research gap consists of the
nonexistent applications of MFL in the area of control that would consider the knowledge
of several control experts, as well as the combination of MFL with type-2 or type-3 that
have also not yet been proposed in the literature. The extensions of mediative fuzzy control
to the level of type-2, and after that to the level of type-3, were proposed in this work. We
can mention that, recently, type-3 fuzzy logic has been utilized (with relative success) to
handle uncertainty coming from sensor measurements, such as in control problems and
other application areas [11-19]. The main idea in these type-3 applications was to model the
intrinsic uncertainty of real problems in an improved manner, which comes from the noise
in real data. However, the uncertainty from expert knowledge was not considered. As a
consequence, we are proposing an initial approach for a mediative type-3 fuzzy controller
in this work, which we expect will be able to handle both kinds of uncertainty, coming
from the noise in the control process and from the contradictory knowledge of the experts.
In summary, the main contribution is the proposal of combining MFL with type-1, type-2
and type-3 fuzzy logic, which have not been previously proposed in the literature. In
addition, an illustrative example is utilized to show that the proposed mediative fuzzy
control approach has the potential of having good performance in the control area. Finally,
a comparative study shows that the type-3 and MFL surpasses all the other variants of
MFL, as well as the intuitionistic and conventional controllers.

The primary finding of this work is that MFL can help improve the control results by
combining the knowledge of several experts, by handling the uncertainty in the knowledge
of the experts. Another important finding is that MFL, in conjunction with the ideas of type-
2 and type-3 fuzzy logic, can also improve the capabilities of the controllers in handling
the uncertainty in the real control process (due to the external noise of dynamic changes in
the environment). If we could mention a limitation of the proposed methods with MFL, it
would be that we need to have availability for at least two experts in a particular control
application area.

The rest of the article is structured as follows: Section 2 recalls the definitions of
mediative fuzzy logic, Section 3 outlines the definition of fuzzy control, Section 4 puts
forward the proposal for mediative fuzzy control, Section 5 illustrates the proposal with an
example, and Section 6 offers the conclusions reached after performing this research work.

2. Mediative Fuzzy Logic for Type-1 Controller

Since the knowledge offered by the experts has large variations and is contradictory
to some degree, we proposed the utilization of a contradiction fuzzy set to estimate a
mediation result. MFL was proposed as an extension of IFL (in the sense of [20]). MFL
relies on type-1 fuzzy logic with the capability of managing contradiction; therefore, it is an
intuitionistic and paraconsistent system.

A traditional fuzzy set in X [21] is given by

A={(x, palx)) I x € X}, 1

where p4(x) has values in [0, 1]. In this expression, y(x) is the membership function (MF)
that assigns a membership to each x. This fuzzy set is now called type-1.
An intuitionistic fuzzy set B [10,20] is given by

B ={(x, up(x), vg(x)) | x € X}, @)

where yp(x), vp(x) are the membership and non-membership degrees of x € X to a set Bin
X, 0 < pup(x), v(x) < 1and
0 < pp(x) +vp(x) < 1. ®3)

Now consider the following equation:

m(x) =1 — pp(x) — vp(x), (4)
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where, here, 713 defines the uncertainty degree. The key idea is that uncertainty in real
problems is captured by 7.

The inference in intuitionistic systems has to consider MFs and non-membership
functions (NMFs). In this case, it is supposed that the output is a mixture of two systems
(MF and NMF).

The IFS output of an intuitionistic system is computed with the following expression [22]:

IFS = (1 — m)FSy + mFSv (5)

where FSy is the output utilizing MFs (i), and FSv is the output utilizing NMFs (v). In
this case, Equation (6) for 7r = 0 reduces to a type-1 system; however, the results change
accordingly, for different 7t values.

In a similar way, a contradiction fuzzy set C in X can be expressed by

Cc(¥) = min(pc(x), ve(x)) (6)

where pc(x) represents the agreement MF, and v¢(x) is the non-agreement MF [4].

We are utilizing agreement and non-agreement instead of membership and non-
membership because we believe that these labels are more appropriate when there are
contradictions.

We originally proposed three expressions for computing the inference at the system’s
output, and these are [4]

MFS=(1 —m—(/2)FSu + (7t + (/2)FSv (7)
MFS =min(((1 — m)FSu + mFSv), (1 — {/2)) (8)
MFS =((1 — m)FSu + mFSv)) (1 — ¢/2) )

where MFS stands for the output of the mediative fuzzy system. In this case, when { =0,
the system’s output reduces to an intuitionistic output or, when 7t = 0, it reduces to a
type-1 output.

3. Proposed Mediative Type-1 Fuzzy Controller

Fuzzy control is based on the original ideas of fuzzy sets and fuzzy logic proposed
by Zadeh [1,2]. The first fuzzy controller was designed by Mamdani by utilizing fuzzy
rules (containing knowledge from the experts) and fuzzy reasoning to obtain the outputs.
The main idea was that by using linguistic variables and values, the control tasks could be
performed in a similar way to expert humans. The main components of a Mamdani fuzzy
system are as follows: fuzzifier, fuzzy rules, inferences and defuzzification. Furthermore,
many fuzzy controllers have been designed and implemented in this way. Fuzzy control
was very successful and has been utilized in many real-world problems [23].

In this paper, we are proposing an extension to the concept of fuzzy control by utilizing
the MFL concept, which would be useful when the knowledge of several experts is consid-
ered in designing the fuzzy controllers. Of course, when several experts are considered,
there exists the possibility of contradictory knowledge, and, in this situation, mediative
fuzzy logic would be helpful in modeling this contradictory part. For this reason, we
propose the following architecture of the mediative fuzzy controller (Figure 1), where we
consider two fuzzy controllers (one for membership and the other for non-membership),
and then the aggregation of the outputs is performed with Equation (7) to obtain the
final output.
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Figure 1. Proposed architecture for the mediative fuzzy controller.

4. Mediative Type-2 Fuzzy Controller

This section describes the initial approach for combining type-2 fuzzy logic with me-
diative fuzzy logic for control applications. Type-2 fuzzy logic was proposed as a way to
handle uncertainty in real-world problems, for example, in the noise in control applica-
tions. Mediative fuzzy logic (MFL) was originally put forward to manage contradictory
knowledge among several experts in the design of fuzzy systems. As a consequence, we
propose the type-2 fuzzy mediative controller as a better approach to handle both kinds of
uncertainty, namely due to noise and contradiction.

The main architecture of the mediative type-2 fuzzy controller would be similar to
Figure 2, with a need to change the blocks of type-1 for type-2, and then by applying
Equation (7) for combining the results. The idea is that, with the type-2 fuzzy controller,
we could handle uncertainty in fuzzy control due to noise or perturbations, while the
mediative controller could manage the uncertainty caused by the contradictory knowledge
from the experts.

u

membership degree

Figure 2. Type-2 membership function as a blurred type-1 ME.
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Fuzzy rules in mediative type-2 fuzzy control are the same as in type-1 because
the knowledge of the experts should be same; the difference resides in the form of the
membership functions (MFs), which now have a footprint of uncertainty (FOU) [24]. In
Figure 2, we illustrate the form of a type-2 MF in which the shaded area is the FOU.

A typical structure of a type-2 fuzzy system is depicted in Figure 3. The output
processor generates a type-1 fuzzy set output (from the type reducer) or a number (from
the defuzzifier). This structure is similar to the one for type-1; however, the main difference
lies in the utilization of type reduction for converting type-2 fuzzy sets into type-1 sets.
Of course, all operations with type-2 fuzzy sets are generalized versions of their type-1
counterparts [24].

I |
: gy
: Rule |11 :
: Base |\ 1| Defuzzifier |
: o [ AT —— Crisp Output

Crisp : £ :

Input : 2 :

— Fuzziber I 1 i ;
! ' Type Ly lype
! ' Reducer i Reduced Set
I
; T
I . |
L, Inference |
Fuzzy Input Set Engine |1 Fuzzy Output Set

I ~ |
| 1

Figure 3. Structure of a type-2 fuzzy system.

The structure in Figure 3 refers to a Mamdani style of inference; however, there also
exist Sugeno kinds of fuzzy models, which would be a slightly different at the output of
the fuzzy system [25].

5. Mediative Type-3 Fuzzy Controller

This section considers elevating the type of fuzzy logic to the realm of type-3 for
providing even higher capabilities of handling uncertainty to the fuzzy controllers [25].
This is due to the recent evidence that the type-3 fuzzy controllers have been able to
outperform type-2 in some complex control problems [26,27]. Therefore, in this sense, it
will be expected that a combination of type-3 and MFL would be valuable in handling
uncertainty coming from noise as well as due to contradictory knowledge.

The main architecture of a mediative type-3 fuzzy controller would be similar to
Figure 1, but by changing the blocks of type-1 for type-3, and then by applying Equation (7)
for combining the results.

Fuzzy rules in the mediative type-3 fuzzy controller are the same as in type-2 because
the knowledge of the experts should be same; the difference resides in the form of the
membership functions, which now have a new form for the footprint of uncertainty (FOU).
In Figure 4, we illustrate the form of a type-3 MF in which the shaded area is the FOU. In
addition, Figure 5 illustrates a typical structure for a type-3 fuzzy system based on vertical
cuts [26].
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Figure 5. Structure of a type-3 fuzzy system.

By comparing Figure 5 for type-3 with Figure 3 for type-2 fuzzy sets, we can notice that
the most notable difference is in the type-reduction process, which involves using multiple
fuzzy systems (corresponding to the vertical cuts) and then aggregating the results and
defuzzification to obtain an interval type-2 fuzzy set. After this, the process is completed
similarly to type-2, which is performed by reducing the fuzzy set to type-1 and then by
performing traditional defuzzification to obtain a crisp number. Of course, all operations on
type-3 fuzzy sets are an extension of the type-2 fuzzy operations; more details are outlined
in the reference [26].

6. Illustrative Example

Air vehicles, such as airplanes and helicopters, have complex dynamics because of
the nonlinear aerodynamic forces and uncertain effects of air flows. Therefore, the control
of these vehicles is very difficult and is a challenge for any kind of controller [28]. The
control systems’ design for stability of air vehicles is a very important topic. For flight
control systems, Feedback Inc. designed a laboratory platform called twin rotor multi-
input multi-output system (TRMS), which is illustrated in Figure 6. TRMS is similar to
a helicopter, which has two rotors that are the tail rotor and main rotor, and the rotors
generate, respectively, vertical (pitch angle) and horizontal torques (yaw) [28].
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Tail Rotor 4o

Main Rotor

Figure 6. Twin rotor MIMO systems from Feedback Inc.

The equations of the helicopter are nonlinear multi-input and multi-output systems in
which the tail rotor and main rotor models are, respectively, expressed as

126,
]1ﬁ =T — Trg — Tpe, — Tg (10)
420
IZF; =T, — Tpg, — TR (11)

where 61 and 0, are the angles which are changed by the main and tail motors. TRMS
uses the DC motors to generate the torques which have nonlinear characteristics and are
expressed as

T = {11-T12 + b1y (12)

T, = ay0° + by (13)

where 71 and T, are dependent on the DC motor voltage, and are expressed as

k1
M= 14
1 T115+T10u1 (14)
n=- (15)

= —Uu
Tzls + Tzo 2

where 11 and u; are, respectively, the main motor and tail rotor voltages, and ky, k», T11,
T10 and T are motor parameters.

There are also fraction forces, and these forces generate fractional torques that are,
respectively, expressed as

Tgo, = Big, 61 + Bag, -sign(6;) (16)

T392 = 3192-92 + B292-sign(62) (]7)

where Byy, and By, are fraction constants. In the TRMS, the gyroscopic torque, gravity
torque and cross reaction torque are, respectively, formulated as

TG = KGy-T1-92~ COS(Gl) (18)

Trg = Ky Ti-02- cos(f) sin(64) (19)
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o kC(TOS + 1)

T = 20
R T,s+1 T (20)

where Kgy, To and T, are system parameters in the TRMS model.

An intuitionistic fuzzy controller was proposed in [28], and more details about the
nature of the fuzzy rules and MFs can be found there. Following this process, a fuzzy rule
base, which is based on an if-then structure is defined for both rotors; more details are
described in [28]. Both the error and change of error linguistic variables were granulated in
five linguistic values: negative big (NB), negative (N), zero (Z), positive (P) and positive
big (PB). Also, the output variable is granulated in the same way. The parameters for the
antecedents are presented in Tables 1 and 2 for the error and change of error variables,
respectively. The parameters for the consequences are shown in Table 3.

Table 1. MF antecedent parameters for the error variable for the main and tail rotors.

Main Rotor
MF a b C d A 21 82
NB -5 -5 —3.5 —-0.5 0.3 0.2 0.2
N —-3.5 —-1.5 0 0.3 0.2 0.2
Z -15 0 15 - 0.3 0.2 0.2
P 0 1.5 3 0.3 0.2 0.2
PB 0.5 3 5 5 0.3 0.2 0.2
Tail Rotor
MF a b C d A 51 EZ
NB -5 -5 -3 -1 0.3 0.2 0.2
N -3 -1 —0.5 0.3 0.2 0.2
Z -1 —-0.5 1 - 0.3 0.2 0.2
P —-0.5 1 2.5 0.3 0.2 0.2
PB 1 2.5 5 5 0.3 0.2 0.2

Table 2. MF antecedent parameters for the change of error variable for the main and tail rotors.

Main Rotor
MF a b C d A 21 42
NB -5 -5 —2.5 —1 0.3 0.2 0.2
N —2.5 -1 0 0.3 0.2 0.2
Z -1 0 15 - 0.3 0.2 0.2
P 0 15 3 0.3 0.2 0.2
PB 15 3 5 5 0.3 0.2 0.2
Tail Rotor
MF a b C d A fl ez
NB -5 -5 -3 -1 0.3 0.2 0.2
N -3 —-15 —-0.5 0.3 0.2 0.2
Z —15 —0.5 1.5 - 0.3 0.2 0.2
P —-0.5 1.5 2.5 0.3 0.2 0.2

PB 1.5 25 5 5 0.3 0.2 0.2
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Table 3. MF consequent parameters for the main and tail rotors (same for both outputs).

Main and Tail Rotors

MF a b c d A £ £y
NB -10 -10 —7.5 -0.5 0.3 0.2 0.2
N —7.5 -5 0 0.3 0.2 0.2
zZ -5 0 5 - 0.3 0.2 0.2
P 0 5 7.5 0.3 0.2 0.2
PB 5 7.5 10 10 0.3 0.2 0.2

In Tables 1-3, we show the parameters of the MFs for the linguistic values, which
utilize three parameters (a, b, c) for the triangular MFs and four parameters (a, b, ¢, d)
for the trapezoidal MFs. For obtaining the NMFs, we needed to define a 7t value that is
appropriate, which, in this case, we found with trial and error to be 0.1. For extending fuzzy
sets to type-2 and type-2 MFs, we utilize the parameters A (LowerScale) and ¢ (LowerLag),
which provides the FOU for these types of fuzzy systems; for more details, please check [26].
Based on the MFs and non-MFs proposed in [28], we present the results for the mediative
type-1 fuzzy controller that can be viewed as an extension of the intuitionistic controller
presented in [28]. In this case, we needed to find the { value, which represents the level of
contradiction of the experts, and we found the appropriate value to be 0.05. We can now
utilize Equation (7) to combine the outputs of the fuzzy systems (for MFs and NMFs) and
finally compute the mediative output for each case (type-1, type-2 and type-3).

The tracking performance of the pitch and yaw angles of the twin rotor system in the
conventional control method are shown in Table 4 for different reference signals. The test
criterion is a performance index called the integral square error (ISE). In Table 2, we show
a comparison of the mediative with respect to the intuitionistic and proportional integral
derivative (PID) controller. Trom Table 4, we can clearly notice that the mediative controller
(with type-1) produces lower errors than the intuitionistic and PID controllers, which is
a positive sign of the potential advantage of using MFL in conjunction with type-1 fuzzy
logic. This shows that our initial claim that MFL could improve the results is valid because
the mediative results (last column) show a lower error in all signals.

Table 4. Comparison of results of the proposed controller with respect to previous works.

Sl Reor o mEs e s Work
Step Main 1.465 1.128 1.060
Step Tail 3.963 2.713 2.355
Saw Main 1.549 1.170 1.085
Saw Tail 7.743 6.664 6.344
Sinus Main 0.811 0.226 0.155
Sinus Tail 8.380 6.486 6.222

Now, we show the simulation results for the mediative type-2 and type-3 fuzzy
controllers, in which we only change the form of the MFs (which are three-dimensional),
while the fuzzy control rules remain the same. In Table 5, we compare the results of
mediative type-1, type-2 and type-3 fuzzy controls of the helicopter problem. In this table,
it is evident that the mediative type-3 fuzzy controller is able to outperform the mediative
versions of the type-2 and type-1 fuzzy controllers, with this also showing that our initial
claim that the type-3 fuzzy controller would be able to improve results is also true.
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Table 5. Comparison of results of the mediative type-3 fuzzy controller with respect to the type-2 and
type-1 fuzzy controllers.

Reference Rotor Mediative Mediative Mediative
Signal Type-1 Type-2 Type-3
Step Main 1.060 1.031 0.871
Step Tail 2.355 2.299 2.132
Saw Main 1.085 1.037 0.925
Saw Tail 6.344 6.289 6.021
Sinus Main 0.155 0.127 0.094
Sinus Tail 6.222 6.056 5.812

The previous results were obtained by designing all versions of the fuzzy controllers
with trial and error, which means that the parameterization was performed with manual
tuning (based on the original type-1 versions of [28]). As a future work, we will consider
the optimization of parameters with the help of metaheuristic algorithms, such as particle
swarm optimization, genetic algorithm or the grey wolf algorithm. Even with this limitation
of this work, we can state that our claim that, along with MFL, we could model the
uncertainty of the expert knowledge and, in this way, improve the control results that were
shown to be true with the results from Tables 4 and 5. In addition, our claim that type-3
could also help to model the uncertainty coming from the noise in the control process can
be verified to be true with the results from Table 5 (last column), in which the mediative
type-3 fuzzy controller achieves the lowest errors.

7. Conclusions

This article has outlined an initial proposal for the utilization of mediative fuzzy
logic in control problems. Mediative fuzzy logic was originally proposed with the idea of
modeling situations in which there exists contradictory knowledge among several experts
in an application domain. In this situation, a mediative solution may be a better choice in
this particular decision-making situation. In this work, we are extending the concept of the
fuzzy controller to the realm of MFL for situations in which we have two or more control
experts, and the design of the fuzzy controller has to be based on their knowledge. The
architecture of a mediative fuzzy controller was presented, and an illustrative example is
used to better comprehend the proposed approach. In addition, we have also considered
the extension of mediative fuzzy logic to the realms of type-2 and type-3 fuzzy logic to
increase our ability to handle higher levels of uncertainty in controllers. Simulation results
show that the mediative type-3 fuzzy controller is the best option for this kind of problem.
We can justify that our claims are true based on the results obtained in the illustrative
example, particularly in Tables 4 and 5, which show that the utilization of MFL which helps
to improve our results. In addition, the utilization of type-3 fuzzy logic in conjunction with
MFL produces the best results, as it is able to handle both kinds of uncertainty (coming from
knowledge contradiction and from the noise in the controllers). As a future work, we will
continue constructing the basis for mediative fuzzy controllers, and, later, their applications
in different control problems, such as the ones discussed in [29-32]. The optimization of
the mediative fuzzy controllers with metaheuristics (such as particle swarm optimization,
genetic algorithms or others) could be considered as a future research direction, and it
is expected that the results could be improved even further. Finally, it is also possible to
consider other application areas for utilizing MFL in conjunction with type-2 or type-3
fuzzy logic, such as medical diagnosis, plant monitoring or pattern recognition.
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the manuscript.
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