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ABSTRACT. In system identification or modeling problems, interval type-2 fuzzy logic
systems (IT2FLSs), which have obvious advantages for handling different sources of un-
certainties, are usually constructed only using the information from sample data. This
paper tries to utilize the information from both sample data and prior knowledge to design
IT2FLSs to compensate the insufficiency of the information from single knowledge source.
First, sufficient conditions on the antecedent and consequent parameters of IT2FLSs are
given to ensure that the prior knowledge can be incorporated into IT2FLSs and three
kinds of prior knowledge — bounded range, symmetry (odd and even) and monotonicity
(increasing and decreasing) — are explored. Then, design of IT2FLSs using the informa-
tion from both sample data and prior knowledge is transformed to the constrained least
squares optimization problem. At last, to show the superiority of the proposed method,
simulations and comparisons are made.
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1. Introduction. Recently, a number of extensions to classical fuzzy logic systems (type-
1 fuzzy logic systems: T1FLSs) have been attracting interest. One of the most widely
used extensions is the interval type-2 fuzzy logic system (IT2FLS) [1-10]. IT2FLSs have
obvious advantages for handling different sources of uncertainties, reducing the number of
fuzzy rules and weakening noisy disturbance, etc., as [T2FLSs utilize interval type-2 fuzzy
sets (IT2FSs) which can provide additional degrees of freedom and have more parameters
than type-1 fuzzy sets (T1FSs) in T1FLSs [1,2,6]. Due to these merits, IT2FLSs have
found lots of applications, for example, time-series forecasting [2], control of autonomous
mobile robots [3] and direct model reference control [8].

Until now, IT2FLSs are always constructed only using the information from the single
knowledge source — sample data (training data). Sometimes, satisfactory performance
of IT2FLSs can be achieved using this data-driven design method, but, in general, only
sample data is not enough to provide sufficient information for system identification,
especially when the sample data is not informative enough or is noisy.

One way to compensate this weakness is to incorporate prior knowledge into IT2FLSs.
Although, in most cases, it is hard to obtain exact physical structure knowledge of some
complex systems, part of their physical properties can be observed easily, such as mono-
tonicity, bounded range, symmetry, etc. Such prior knowledge can partly reflect the
characteristics of the unknown systems and compensate the insufficiency of the informa-
tion from sample data. Recently, this topic has gained considerable concern from different
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research areas. Some work has been done to incorporate prior knowledge into support
vector machines [11,12], neural networks [13-15], T1FLSs [16-19], etc.

But, to the authors’ knowledge, there is no work concerning on how to make full use of
the information from multiple knowledge sources (sample data and prior knowledge) to
compensate the insufficiency of the information from single knowledge source in the design
of IT2FLSs. In this paper, we will study this issue and three kinds of prior knowledge —
bounded range, symmetry (odd and even) and monotonicity (increasing and decreasing)
— will be considered. First, we will present sufficient conditions on the parameters of
IT2FLSs to ensure that the prior knowledge can be encoded. Then, we will show how
to utilize the constrained least squares algorithms to incorporate the information from
both sample data and prior knowledge into the design of IT2FLSs. At last, we will give
simulations and comparisons to show the superiority of the proposed method.

2. Interval Type-2 Fuzzy Logic Systems. In this section, we will introduce the in-
ference process of IT2FLSs [1-10] briefly. At first, let us give the definition of trapezoid
IT2FSs. Without detailed specification, in this study, all IT2FSs are the trapezoid I'T2FSs.

2.1. Trapezoid I'T2FS. Figure 1 shows a trapezoid IT2FS and a triangular I'T2FS. The
triangular I'T2F'S is a special case of the trapezoid IT2FSs. A trapezoid IT2FS A can be
described by its lower and upper membership functions p +(z,0) and 7iz(z,0) as

hoy=2, as < x < by, g =e @<z <by

ho by < x < oy hq hh<zx<cg

—(2,0) = " -7 and Tz(x,0) = " -~

HA( ) ) th;_(Z’ Cg<l'§d2, IU’A( ) ) hljll—(i’ C1<fl'f§d17
0, else, 0, else,

where a1 < by < ¢; < dy, ag < by < g < dy, a1 < ag, dy > dy, hy < hy < 1 and
0 = (a1,b1,c1,d1, ag, by, co, da, hy, hs) is the parameter vector of all the parameters in A.

h]A | h

a a,b b, c,c d, d,' a b le d e

F1GURE 1. Examples of trapezoid I'T2FSs

2.2. IT2FLS. Consider the following complete rule base of an IT2FLS
RII2p T, = A'Jil’ Ty = A’%é, Ty = g%p) — oy = [wjljz"'jp7wj1j2"'jp]
where p is the number of the input variables, ﬁf (t=1,2,...,p, 4i = 1,2,...,N;) are
IT2FSs of the IF-part and [w?'2"7» w7J2"Ir|s are consequent interval weights of the
THEN-part. There are totally [[}_, N; fuzzy rules in this complete rule base.
Once a crisp input & = (z1, 29, ...,7,)7T is applied to the IT2FLS, through the singleton
fuzzifier, the interval firing strength of the rule R’'72"7» can be obtained as

FI(2,0,) = | P99 (2,00, 7 (@,00)| = | T2 (@0, 00), TLiTip (i, 00)]

where O, is a vector of all the parameters in the antecedent part of the IT2FLS, and T
denotes minimum or product ¢-norm.
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Then, using the center-of-sets type-reducer [1,2,4,6] and the center average defuzzifier,
the crisp output of the IT2FLS can be computed as

@, 0) = 5(u(@.0) + uy(z,0))

where © = (0,,0,)" in which O, is the parameter vector of all the parameters (w’1/>"/
and w/72"77) in the consequent part of the IT2FLS; y,(x, ©) and y,.(x, ©) are the left and
right end points of the type-reduced interval set and can be expressed as

. oot Z AP it o o o o
yz(w,@) :mln{ 1= 1N1 JP i\,p — fi1dp e Fi1ip (2,0 ,4),wil " Ip €[wil Ip 1 ip] 5
> e PP
j1=1"

N N,
s s
yr(z,0) = Hlax{ S LRy Tor
E:jlzln'E:jpzl le Ip

fI1Ip Il dp

fjl”‘jPEFjl”‘jp (:I},@a),wjl”'jpE[wjlmjp,ﬁjlmjp] }

Mendel et al. have given the iterative Karnik-Mendel algorithm based formulas for the
computation of y;(z, ©) and y,.(x,O). For more detail about this topic, see [1,2,4,6].

3. Parameter Conditions. In this section, we will present sufficient conditions on the
parameters of [T2FLSs to ensure that the prior knowledge of bounded range, symmetry
(odd and even) and monotonicity (increasing and decreasing) can be encoded. First, let
us consider the prior knowledge of bounded range.

3.1. Prior knowledge of bounded range. Notice that the bounded range of an IT2FLS
automatically implies the bounded-input-bounded-output (BIBO) stability of the IT2FLS,
which is usually required in many real-world applications. For the prior knowledge of
bounded range, we have the following results for IT2FLSs:
Theorem 3.1. The output y(z,0) of an IT2FLS falls in the bounded range [b, b], i.e
b <y(z,0) <0, if its consequent parameters satisfy that:
g1 ]p > g1 ]p <
]l_r{unN {w*" 7"} >b and jax {w” 7} <b.
i=1,-,p =1, ,p

Proof: Vfitir ¢ Fitie(z, ©,) and Yw' e € [wiJ» w7 Jr] we have

25\1{1:1 e ij_ f]l Jpwjl “Jp

> min {wr} > min {w v},

Nt =1, ,N; Gi=1, . N;
Zjlzl ng—l fjl I ]zfl p zfl, yd
Thus,
Ny -
yi(x,©) = min { == 1N1 Efézﬁvijl ::Z; ” fjl"‘jPGFjl"‘jP(z,@a),wjl"‘jPe[wjl"'jp,wjl“‘jp}}
Jj1=1 Jp=1
> min {w/
B gi=l N{ b
i=1,-
Similarly, we can prove that y,.(z,0) < Imax {wirir},
.]22:1 b
Therefore, if min {uﬂ1 Jr} >band max {wtIr} < b, then,
.71—1 N ]z 1:"':Nz
=1, i=1,-,p
1 _
b<y(z,0) = 5(u(@,0) +y(2,0)) <b. m

Remark 3.1. For the prior knowledge of bounded range, we only need to constrain the
consequent parameters O, and there is no need to constrain the antecedent parameters.
As a result, in this case, there is no requirement on how to partition each input domain.
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3.2. Prior knowledge of symmetry (odd and even). For many applications, espe-
cially control problems, the fuzzy systems designed for them should be odd symmetric or
even symmetric. The following two theorems will show how to constrain the parameters
of IT2FLSs to incorporate the prior knowledge of odd symmetry and even symmetry.

Theorem 3.2. An IT2FLS is odd symmetric, i.e., y(x,0) = —y(—z,0), if the following
conditions are satisfied:

1) Vi e {1,2,. ..,p} the input domain of x; is partitioned symmetrically around 0 by
trapezoid IT2FSs A1 A2 . AN as shown in Figure 2, where N; is an odd number.

2) The consequent pammeter’s of the rules R and RWNiH1=i1)WNot1=3p) sqtisfy that
[wjl“'jz’?wjl"'jp] — [_@(N1+1_j1)"'(NP+1_jp) _w(N1+1 Jl) (Np+1_jp)} , where ]z: 1 2 R %

"_N,-z AN 1
l

FIGURE 2. Interval type-2 fuzzy partition with N; trapezoid I'T2FSs

Proof: Suppose that ¢ fuzzy rules, which are denoted as Ri"J» ... Rt can be
fired when « is given to the IT2FLS.
As the rule base is complete, and each input domain is partitioned symmetrically
around 0, hence, when —z is given to the IT2FLS, the fuzzy rules ROV +1=i1)(Npt+1=jp)
., RNiA1=71)=(Np+1-35) can be fired.
Also, from the conditions above, it is obvious that, for s =1,2,...,¢
Fai Jp(m ) ) FNi+1=47)- (NP+1_j5)(—1:,@a),

[wt33 193] = [~V (ot 15) |y (N1 (Nt 1=5)]

Hence,
= —Imax { zs:ltfs(_ws)
Dot [*
= —max{zs 1fs w*
Y fr

e ij'"jﬁ(x?@a),ws c [wjf"'j;??@jf-"j;} }

f*e Fitii(z,0,), —w® € [~ —wli i) }

fs F(N1+1_jf)“'(NP+1_jIS7)(—.’L',@a)a

= [w(N1+1*jig)"'(Np+1*j;)’E(N1+1fjf)...(Np+1ij;):| }

= —yT(—III, ®>
In the similar way, we can prove that y,.(z,©) = —y,(—z, ©).
Therefore,
© T 7@ —Ir\T 76 _ _ 7@
y(m,@) _ yl(xa )+y (iL‘ ) . Y ( T ) yl( z ) — —y(—:z:, @) O

2 B 2
Similarly, for the prior knowledge of even symmetry, we have following results:
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Theorem 3.3. An IT2FLS is even symmetric, i.e., y(x,0) = y(—x, 0), if the following
conditions are satisfied:

1) Vi e {1,2,...,p}, the input domain of x; is partitioned symmetrically around 0 by
trapezoid IT2FSs ;ﬁ, 121?, e ’A“fv as shown in Figure 2, where N; is an odd number.

2) The consequent parameters of the rules R1V» and RN F1=0~WNot1=5n) satisfy that

[wjl"‘jp’wjl“‘jp] — [M(NIJFl*jl)"'(NpJFl*]’p)’w(NlJFl*jl)"‘(NpJFl*jp)}, where ]z — 1’ 2’ cee (Nz+1)/
N. N.

2; especially, the consequent parameters of the rule R B satisfies thathl;l'” B

_N1+1“'NT_,+1

w2 2

Remark 3.2. The first condition in Theorems 3.2 and 3.3 means that: Vi € {1,2,---p},
1) If j; € {1,2,.. " (N; — 1)/2}; then V0 € {ay,by,c1,dy, az, by, co,da}, 6 = _eivi-i,-l_]i
and V0 € {hy, ha}, 0] = 9£Vi+1_3i.

N;+1 N;+1 N;+1 N;+1 N;+1 N;+1

2) If j; = (N; +1)/2, then a2 = —d,? , ay} = —dy? , b7 = —c¢;7 and
Ni+1 N;+1 ’ ’ ’ ’ ’ )
b2,i2 = _02,i2

This is the constraint on the antecedent parameters of I'T2FLSs to ensure that the prior
knowledge of odd symmetry and even symmetry can be encoded.

3.3. Prior knowledge of monotonicity (increasing and decreasing). The mono-
tonicity is a common kind of prior knowledge [20]. For example, consider the water heating
system [18] and the coupled-tank liquid-level system [21]. The outputs of both systems
will change monotonically with respect to their inputs.

For simplicity, here, we only give useful results about the single-input monotonically
increasing and monotonically decreasing IT2FLSs.

Theorem 3.4. Assume that the input domain U = [u,u] is partitioned by N trape-
20id IT2FSs AY, A%, ... AN where Vj € {1,2,...,N}, iy (z) = Ty (v,d)},b], ¢, di, 1)),
Ky (x) = K (a:@%,b%,cé,d%, hé) Then, the IT2FLS is monotonically increasing, if the
following conditions are satisfied:
1) IT2FSs gl, 22, e ,ZN form fuzzy partition as shown in Figure 3 where a} = b} =
ay=by=u, N =dV =c¥ =dl =7, v} <™, & <, &), > a) and 7T <o)
2) The consequent parameters satisfy that w' < w? < ... <w" andw' <w? < ... <w".

A 4 Ve ;13 1;1'4 PLEEYLE AN
1}-

! |
| | 1 1 |

I I I ! L
\ Lgl
s E s h o s
N-1 N

FiGURE 3. Fuzzy partition with N trapezoid IT2FSs

Proof: Denote ; (j=1,...,N) as

{ﬂ}a ] ) J=1
Q=4 U\ [(wd YU (a*' a)], 1<j<N
{E}a J= N

As &' <l hence, Q; # 0.
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For any point ¢; € Q; (j = 1,..., N), the input domain U = [u, W] can be partitioned

into N — 1 areas as shown in Flgure 3,ie,U = UN 1197, where S7 = [t;, tj41].

The first condition assures that the trapezoid ITQFSS A, A% .. AN are arranged in
the ascending order, and, at each point, no more than two I'T2FSs can be fired. Hence,
from (55) and (56) in [1], we can obtain that:

IfzeS; (j=1,2,...,N —1), then

(2,8) = 7’(2@@)@ P @ Ot "
F(2,04) + [ (2,04)
Pla, 0,1 + 7 (2, 0,57
F(.00) + T (2.0,)
where f](x © ) B, f 7 (x ©,) = fiz;(z). For short, we use ij(x), f](x) to replace

f(2,0,) and f ( x,0,) below.
From (1) and (2), we can see that, if z € S7, then

w! <y(r,0) <wtt and W <y (r,0) <w'th

Yr(2,0) = (2)

Hence, if z € S7, then

(3)

Vz, 2/ € U, suppose that < 2/ and z € S, 2/ € S7'.
If 7 < 4/, from (3) and condition 2) in this theorem, we can see that y(z,0) < y(z’,©);
If j = 4/, then we have following results:
a) From (1), Vo < 2’

L @F @) = P )7 (@) it - w)
(7](1,/) + ij+1($/)> <73<x) + ij+1(x)>
As ij *1(.) is monotonically increasing and ?j() is monotonically decreasing in S7, hence

S > fiz) and F(x) > T ().

yl(x/7 @) - yl<x7 @) =

This implies that
PR @)= F @) @) 2 0
Therefore, y;(2/,0) > y(z,0) in S7.
b) In the similar way, Vzr < 2/ € 57, y.(z/,0) > y,(z,0).
From a) and b), if both 2/ and z are in S7, then y(z’,©) > y(x, ©).

Thus, from the discussion above, we can conclude that this theorem holds. [l
Similar results can be obtained for the prior knowledge of decreasing monotonicity.

Theorem 3.5. Assume that the input domain U = [u,u] is partitioned by N trape-
z0id IT2FSs AY, A2, .. AN where Vj € {1,2,...,N}, fy(z) =0y (z,a],b],¢,d], b)),
ng( x) = 1 (x,a2,b;,c§,d‘;,hg). Then, the ]T,?FLS is monotonically decreasing, if the
Jfollowing conditions are satisfied:
1) IT2FSs /Tl, fN12 AN form fuzzy partition as shown in Figure 3 where ai = b} =
ay ="bl =u, cf’:d =N =d¥ =u, bl <, & <dM, >a%Jrl and &' < a ]H
2) The consequent parameters satisfy that wt > QQ 2 2 w andw' > w2 > . 2 EN
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In this section, sufficient parameter constraints of I'T2FLSs have been studied to ensure
the aforementioned prior knowledge. In the following section, we will show how to design
IT2FLSs using the information from both sample data and prior knowledge.

4. Design of IT2FLSs Using Both Sample Data and Prior Knowledge. In the
design of IT2FLSs using the information from both sample data and prior knowledge,
different kinds of prior knowledge are used to constrain the antecedent and consequent
parameters of IT2FLSs, and sample data is utilized to train and optimize these parameters
further. For simplicity, in this study, we only consider the design of the single-input
IT2FLSs using both sample data and prior knowledge.

4.1. Problem formulation. Suppose that there are M input-output sample data (!,
yh), (22,92, ..., (2™, y™). And, the training criteria is chosen to minimize the following
squared error function:

_1 M 7 12
E_izizlyy(xa@)_y‘a (4)

where y(x',©) is the output of the IT2FLS, and © is the parameter vector of all the
antecedent and consequent parameters of the IT2FLS.

In Section 3, we have studied how to transform different kinds of prior knowledge to
the constraints of the antecedent and consequent parameters of I'T2FLSs. These con-
straints can be rewritten abstractly as © € €2, where €2 represents the constrained feasible
parameter space.

Therefore, design of the IT2FLSs using the information from both sample data and
prior knowledge can be seen as the following optimization problem

meln%le\il ’y(xl7@) _yl|2 (5)
subject to © € Q.

As the outputs of the IT2FLSs are nonlinear with respect to the parameters of their
antecedent IT2FSs, this optimization problem needs to be solved using constrained non-
linear optimization algorithms, e.g., genetic algorithms, particle swarm algorithms.

4.2. Problem transformation. Although different optimization algorithms can be uti-
lized to solve the optimization problem in (5), in this work, we adopt another strategy,
which determines and optimizes the antecedent parameters and consequent parameters
separately. In this strategy, two steps are needed. The first step is to set up the member-
ship functions of the IT2FSs in the antecedent part of the IT2FLSs, and the second step
is to optimize the consequent interval weights under the constraints on these parameters.
The first step can be accomplished by partitioning the input domains intuitively or by the
clustering algorithms. How to use different clustering algorithms to obtain optimal or sub-
optimal interval type-2 fuzzy partitions, which satisfy the constraints on the antecedent
membership functions in Theorems 3.1 — 3.5, will be one of our research directions in the
near future. In this study, we mainly focus on the second step.

Below, we will first show that the output of the I'T2FLS is linear with its consequent
parameters, and then, we will demonstrate that the optimization problem (5) can be
changed to a constrained least squares optimization problem.

We suppose that the fuzzy partition of the input domain satisfies that no more than
two IT2FSs can be fired at each point as shown in Figure 3, and the rule base of the
single-input ['T2FLS is written as

(R o= = y— !, @]}, (6)

=
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From Theorem 3.3 in [22], we know that the crisp output of the single-input IT2FLS in
(6) is equal to the average of the outputs of two T1FLSs (called Lower T1FLS and Upper
T1FLS). The rules of the two T1FLSs are [22]:

Lower TIFLS : { R} : 2= A} —» y=w }"

Jj=1’

UpperTlFLS:{R{}: x—A] — y—w]}

j=1’
where A} ... AV AL, ..., AY are type-1 fuzzy sets. Their membership functions can be
determined by

py (@), €S w ™t <w, Ay (z), zesStw ! <w,

()= ) Fale), we ST > ()= Ew(®), TeST L >
Hag ig(e), ves w <wt, Ha p5,(2), €S W <,
ty (), €S w >uwth ay(z), eSS w >uwth

Therefore, the crisp output of the single-input IT2FLS can be computed as

N i N —
1| 2im s (w30l pai ()W

y(x> @c) =35 N + N = [¢1(£If), R ¢2N(l’)]@c, (7)
2| XL Hai (x) D in1 Hai ()
where
0. — [wl wN T —N]T
5<N 1= 17 . 7N7
oi(z) = 4 o
i 1 #4i—n () )
s—xL——— i=N+1,...,2N.

N
2 Zi:l NA%;N(x) ’

From (7), we can see that the output of the IT2FLS is linear with its consequent
parameters. And, the training criteria (4) can be rewritten as

1w o
E=3). ' 6] -y = (26, —y) (26, —y),

where
y=v
¢1($;) ¢2($;) ¢2N(9E;)
o ¢1(z%)  ¢a(z®) - dan(2?) ¢ RMX2N
P1(x™) ga(a™) -+ dan(a™)

As we only consider to optimize the consequent parameters, therefore, the abstract
constraint © € Q in (5) can be rewritten as O, € €2.. Below, we will write the constraints
on the consequent parameters in Theorems 3.1 — 3.5 into the forms of linear-inequality
constraints CO, < b and/or linear-equality constraints C.,0. = b.,.

1) Linear constraint for bounded range

Iy O —b
N ﬂ@eﬁ{ 2
where Iy is the N x N identity matrix, b = [b,b,...,b]" and b= [b,b b

2) Linear constraint for odd symmetry
[ Iy, R(Iy) ]©.=0,
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where R(Iy) denotes the N x N matrix obtained by rotating Iy 90 degrees clockwisely.
3) Linear constraint for even symmetry

Ioa Oxasq —Blan) O Onaayy  On
Opens 1 Openzt Opva =1 O |1 O,=0
0% ON2—1><1 0% I% 0N2_1><1 —RI%)
4) Linear constraint for increasing monotonicity
vV 0
|i 0V :| @c SO?
where
1 -1 0 -~ 0 O
o o o0 --- 1 —1
5) Linear constraint for decreasing monotonicity
-V 0
BEAT

From the discussions above, we can observe that design of the IT2FLSs using both
sample data and prior knowledge can be transformed to the following constrained least
squares optimization problem

min(®O, —y)" (26, — y)
sui)ject to CO.<b and/or C.0O.,=b,.

5. Simulations and Comparisons.

5.1. Problem description. To show the usefulness of the prior knowledge, let’s consider
the following nonlinear function:

g(x) = (Jz|/3)" tanh(|z]),

where z € U = [—3,3]. Obviously, this function is bounded in [0, 1], even symmetric,
monotonically decreasing in [—3,0] and monotonically increasing in [0, 3].
The noisy training data is generated by

y(x) = g(z) +n,

where 7 is the uniformly distributed additive noise in [—b, b]. In this simulation, three
different levels of noisy disturbance are tested, where b = 20%, 30% and 40%, respec-
tively. In each noisy circumstance, we consider 5 cases. In these cases, the sizes of
both the training data and the evaluation data are 30, 60, 100, 200, 300. In case
i, we denote the training data set as T, = {(z*,7"), (2%, ¢?),..., (%, §%)}. Fur-
thermore, in each case, the noise-free data set is chosen as the evaluation data set
D; = {(z,g9(z")), (% g(z?),..., (%7, g(z"))} which can be used to check whether
the trained model could follow the characteristics of the original data rather than the
noisy data.

In our simulation, for comparison, we design four fuzzy logic systems (FLSs) to identify
the nonlinear function: sample-Data-and-prior-Knowledge based IT2FLS (DK-IT2FLS),
only sample-Data based IT2FLS (D-IT2FLS), sample-Data-and-prior-Knowledge based
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T1FLS (DK-T1FLS), only sample-Data based T1FLS (D-T1FLS). To evaluate the ap-
proximation performance and the generalization performance of different FLSs, we con-
sider the following two performance indexes — Root of the Mean Squared Errors (RMSEs)
of the training data and evaluation data:

= (S0 -
o = (Ki S (o) -3 (oY) )2) '

where §(2*) is the output of FLSs for the input x*. The first index §; can reflect the
approximation ability of different FLSs for the training data in case ¢ in each level of the
noisy disturbance, while the second index o; can reflect the generalization characteristics of
different FLSs for the original noise-free data in case ¢ in each level of the noisy disturbance.
For both indexes, the less the value is, the better the result is.

For each FLS, we use 7 fuzzy rules, the membership functions of whose antecedent parts
are shown in Figure 4. Note that the fuzzy partitions in Figure 4 satisfy the conditions
on fuzzy sets in Theorems 3.1 — 3.5. The left task is to tune the consequent weights with
or without constraints.

FIGURE 4. Type-1 (dotted line) and type-2 (gray area) fuzzy partitions

5.2. Simulation results and comparisons. As stated above, three different levels of
noise are considered, and, under each noisy circumstance, five cases are tested. What is
more, in each case, the data generation processes and the identification processes of the
four FLSs are run 50 times. After that, the performance indexes in case i are calculated
as the average of the corresponding values obtained in the 50 run times, i.e.,

T

~ 1 .
=T Zj:l %

~ 1ZT ;
T =

where 7' = 50, and ! and o7 are the first and second performance indexes obtained in
the jth run in case .

For the aforementioned three noise levels, the comparisons of the four FLSs with respect
to the RMSFEs for the training and evaluation data are shown in Figure 5. And, Figure
6 shows us an example of the identification result where 100 sample data are utilized to
train the four FLSs and the noise distributes uniformly in [—30%, 30%)].

As stated above, the RMSESs §; for training data can reflect the approximation abilities
of different FLSs. From Figures 5(a) — 5(c), D-IT2FLS has the best approximation ability,
and then, DK-IT2FLS, at last, D-T1FLS and DK-T1FLS. In general, according to the
approximation performance in this simulation, the type-2 FLSs perform better than the
type-1 FLSs; the reason for this is that the type-2 FLSs have more parameters and
more freedoms than the type-1 FLSs. On the other hand, D-IT2FLS and D-T1FLS have
better approximation performance compared with DK-IT2FLS and DK-T1FLS, as the
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(a) DK-IT2FLS

Performance comparisons of the four FLSs
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FIGURE 6. The identification results of the four FLSs

consequent weights of DK-IT2FLS and DK-T1FLS are constrained, and this makes their
feasible parameter spaces smaller than those of D-IT2FLS and D-T1FLS.

Also, as stated above, the RMSFEs o, for evaluation data can reflect the generalization
abilities of different FLSs. From Figures 5(d) — 5(f), we can see that DK-IT2FLS and DK-
T1FLS have better generalization ability than D-IT2FLS and D-T1FLS. This means that
DK-IT2FLS and DK-T1FLS can follow the characteristics of the real system dynamics
better than D-IT2FLS and D-T1FLS under noisy training circumstances.

In conclusion, the type-2 FLSs have better approximation ability than the type-1 FLSs,
but the FLSs designed using both sample data and prior knowledge have better general-
ization characteristics. The reason for this is that prior knowledge can prevent impossible
or implausible values, so that the designed FLSs will not be over fitted. Therefore, we
can say that the prior knowledge can improve the performance of the IT2FLSs.

6. Conclusions. This study has presented how to design I'T2FLSs using the information
from both sampled data and prior knowledge. From the simulation results and compar-
isons, we can conclude that: 1) DK-IT2FLS is able to prevent impossible or implausible
values which conflict with the prior knowledge; 2) the prior knowledge may improve the
generalization ability of IT2FLSs. Here, we have just explored the prior knowledge of
bounded range, symmetry (odd and even) and monotonicity (increasing and decreasing).
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How to utilize the other prior knowledge, such as fixed points, stability, etc., will be one
of our future research directions.
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