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Abstract. The paper presents a multidimensional horizontal approach
to solving the fuzzy Sylvester matrix equation (FSME). The use of the
horizontal membership function (HMF) of the fuzzy set allows for gen-
erating a granule of information about the FSME solution. The paper
presents an algorithm for solving FSME using HMF, which generates
a full FSME solution. The solution obtained using the given algorithm
differs from the results presented in the cited articles. The calculated
granule of the FSME solution contains solutions that do not occur in
the results obtained in the analyzed examples, therefore these results are
underestimated.
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1 Introduction

Finding a solution to the fuzzy Sylvester matrix equation (FSME) is still being
attempted by many scientists. The basic matrix Sylvester equation has the form
AX + XB = C, where A € R™*™, B € R™*™, and C € R™*™, [5]. In this
paper we will consider the FSME, which is the basic Sylvester matrix equation
with fuzzy values. Fuzzy sets were proposed by Zadeh [11] and they model un-
certainty in the form of a membership function p : X — [0,1]. The notation
pa(x) represents the degree of membership of variable € X to concept A.

Solutions to the FSME using different methods can be found in the articles
[1-3,9, 10]. In this paper, we propose the use of horizontal fuzzy set membership
functions to solve the FSME. The horizontal membership function (HMF) of a
fuzzy set was proposed by Piegat [8]. The HMF is a multidimensional approach to
uncertainty modeling. It allows to represent the membership of a fuzzy set using
a multidimensional information granule by introducing an additional variable
called the relative distance measure (RDM) variable [7]. This theory is based on
the notation of the interval as Az; + (1 — A)za, where A € [0, 1], which is also
described in the books [4,12].

The main contribution of the article is the use of a multidimensional hori-
zontal approach to the solution of the FSME, the proposal of an algorithm for
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calculating the solution of the FSME, and the demonstration that the methods
presented in the cited articles do not provide a complete solution. The complete
solution can be obtained by a method that does not rely only on the boundary
values of the fuzzy number in arithmetic operations.

The rest of the paper is organized as follows: In Section 2, the theoretical
background of FSME, horizontal membership function and the algorithm for
calculating the FSME solution using HMF are presented. In Section 3, the FSME
is calculated based on the proposed algorithm. In Section 4, conclusions from
the presented research are given.

2 Theoretical Foundations

The fuzzy Sylvester matrix equation (FSME) has a form (1).
AX+XB=C (1)

where A = [a;;] € R™", B = [b;] € R™™ and C = [&;] is n x m matrix of
fuzzy number, [2].
The equivalent form of the FSME has the form (2), [2].

(Im ® A+ BT @ I,)vee(X) = vec(C) (2)
where ) is k X k identity matrix, vec is a vectorization of matrix, vec(f() and
vec(C) are nm x 1 matrices, operation ® is the Kronecker product, and BT is
transpose of a matrix B.

Definition 1. [6, 8] (Horizontal membership function) Let @ : [a,b] C IR —
[0,1] be a fuzzy number. The horizontal membership function u9" : [0,1]x [0, 1] —
[a,b] is a representation of u(x) as u9" (u, ) = x in which “gr” stands for the
granule of information included in © € [a,b], u € [0,1] is the membership degree
of x in u(z), a, € [0,1] is called RDM wvariable, and w9 (u,on,) = u* + (@ —
U)oy

The horizontal membership function presented by granule of information of
fuzzy number @ is denoted in [6] as H (%) = u9" (1, oy ).

Definition 2. [6] The span of the information granule of the horizontal mem-
bership function H(t) = u9"(u, ) of a(x) € Ey is obtained as the p-level sets
of the vertical membership function of u(x), using (12),

H (w9 (p, ) = @ = | inf minu9" (B, v, ), sup max ud" (B3, av,) (3)
B>p B> Qi

Let © and @ are the fuzzy numbers, with the horizontal membership func-
tions H(?) and H(w). Denotes @ as a one of four basic arithmetic opera-
tions {+, —, x, /}. Therefore, ¥ ® @ is a fuzzy number such that H(? © @) =
H(v) ® H(w), operation / occurs only if 0 ¢ H(w), [6, 8].
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For arithmetic operations on fuzzy numbers with a horizontal membership
function, the following basic algebraic properties hold, [6]:

La—o=—(d—),
2. 4—0=0,

3.4/ =1,

4. (G4 0)d = @ + .

Algorithm 1 presents the steps for calculating the solution of the fuzzy
Sylvester matrix equation using horizontal membership function.

Algorithm 1 Algorithm for calculating the Sylvester fuzzy matrix equation
AanXnXm+XnXmBmxm = Unxm

1. Check whether the matrices A and —B do not share any eigenvalue. If they do,
then STOP - fuzzy Sylvester matrix equation has no unique solution. Otherwise,
Step 2.

2. Using the Kronecker product and the vectorization operator vec write the Sylvester
equation in the form (Im ® Anxn +BT. . ®In)nmxnmvec(X)nmX1 = vec(é)nmxl,
where I, is k x k identity matrix.

3. Write down the elements of matrix vec(é’) as arbitrary fuzzy numbers. Then rewrite
the obtained equation using the horizontal membership function for matrix vec(é’).

4. Calculate a granule of solution of the equation using basic arithmetic operations
on fuzzy numbers with horizontal membership function.

5. Find the span of the granule of solution obtained in Step 4. Obtained fuzzy num-
bers represents minimum and maximum values of the multidimensional granule of
solution.

3 Numerical Examples

Ezample 1. (Example 4.3 in [2]) Let us consider a fuzzy Sylvester matrix equa-
tion AX + XB = C*, as in (4).

“12 0.2 ] [#11 @10 | [d11 #12] [1.206

[08 —L2}{h1im]_Fthim}[0412] @
(120 4 1242, 144 — 12) (100 + 115,122 — 1)
{(mo+1m%m4—1mn(mo+1mhw2—1mo]

where p € [0, 1].

Considered the Sylvester equation (4) has a unique solution because matrices
A and —B do not share any eigenvalue.

Using the Kronecker product notation and the vectorization operator vec let
us write the equation (4) in the form (5).

(1 [ 2]+ 120 o 39 vt 0
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where
T11 (120 + 12/¢L7 144 — 12/1)
= | &1 sy | (100 + 124,124 — 12p)
veelX) =1 5, [0 = 1 (100 4+ 11 122 — 1109 | # € 0]
22 (160 + 164,192 — 161)

Rewriting vec(C*) using a horizontal membership function with variables s,
Qeyyy Qerny Qegys Oy € [0, 1], we have multidimensional granule of information
vec(C97) in the form:

120 + 1241 + a,, (24 — 24p)
100 + 1241 + gy, (24 — 24p1)
100 + 110 + vy, (22 — 2271)
160 + 164 + ey, (32 — 32p)

vee(CI") =

With operation of Kronecker product and the multidimensional granular vec-
tor vec(CY9") the equation (5) is equivalent to fuzzy matrix equation (6).

0 0204 0 xi”; 120 + 124 + ooy, (24 — 24p1)
0.8 0 0 04| 28| _ [100+12u + ac,, (24 — 24p) ©)
06 0 0 0.2 xfg 100 + 114 4 ey, (22 — 22p1)

00608 0 | |2 160 + 1611 + acy, (32 — 32p1)

Where M? acll ) ach ? 06521 ’ ac22 6 [07 ]‘]
The solution to equation (6) is a multidimensional information granule of the
form (7).

xll(:u’ Qeyrs Qeyn) ac21aa022) =250 + 25“ + ( 600‘621 + 1100‘012)(1 - :U‘)

x21 (:uv Qeyrs Qegny Xegy s aczz) —400 — 401“‘ + ( 2400‘011 + 160&622)(1 - :u) (7)
15 (1, ey s ey Qg s Qeyy ) = 500 + 501 + (180, — 80are,, ) (1 — p)
( oy Ceyys Ceqy, acznacm) = —250 — 20p + (1800‘021 22004612)(1 - /’L)

It is easy to show that the obtained granular solution (7) satisfies the system
of equations (4). Substituting the solution (7) into the matrix equation (4) we
have:

I - {_1-2 0.2 ] [wﬂ(u,acll,aclw04021,0%22) xi];(/iva011va012aa021,0‘022)]
0.8 —1.2 l‘g;(u,acll,acn,acﬂ,04022) xgg(,u,acll,aclz,a021,04¢22)

l“(lq('u,, aCu ? a(312’ aC21 ) aC22) xé{;’(u7 O[(311 ’ aClZ’ aC21 ) aC22) :| 12 06:|

97 (1 Qeyy s Qeyyy Qegy s Qegy ) T (1 Qe s Qs Qe ey ) | | 0.4 1.2

120 + 124 + ey, (24 — 24p) 100 + 110 + ey, (22 — 22p)

100 + 120 + ey, (24 — 241) 160 4 164 + vy, (32 32/1)}

(120 + 124,144 — 124) (100 + 11p, 122 — 11u)] R

(100 + 124,124 — 12p) (160 4 164,192 — 161)

+

The span of the multidimensional granule of solution (7) in the form of matrix
with fuzzy numbers is presented in equation (8), and also shown n Fig. 1, where
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acij = {acll ? ach’ ac21 ) ac22}’ a‘nd /”L’ acij E [07 1]

[H_l(xi];(uvacij)) ,H_l(w!llé(ﬂﬂacij))] — |:“%~:l1t1 ‘?/1142
H_l(xgl (1U’7 acij)) H_l(ng(:U/7 acij)) 'rgl $52 (8)
[ (190 + 851,360 — 85) (420 4 1304, 680 — 1304) ]

= | (=640 + 2007, —240 — 20041) (=470 + 200, —70 — 2004)
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Fig. 1. Span of the multidimensional granule of solution (7).

The fuzzy numbers that are the result obtained in [2] are different from the
fuzzy numbers (8) (also shown in Fig. 1). We will show that the solution in
[2] is incomplete (underestimated). Let us consider one of the infinitely many
solutions that can be generated from the multidimensional granule of solution
(7), obtained using horizontal membership functions.

Let us consider the solution located on the support of solution (7). Substi-
tuting the values p = a¢,, = Qeyy = Qieyy = Qiey, = 0 with solution (7) we obtain
the exact single solution (9).

11 T12 | 250 500 (9)
T21 T22 - —400 —250

Single solution (9) satisfies Sylvester matrix equation (4). Substituting (9)
into the left side of equation (4) gives us a matrix that is contained in the fuzzy
matrix C* that is the right side of equation (4). This substitution operation is
shown below.

- -1.2 0.2 250 500 250 500 1.20.6
| 0.8 —1.2| | —400 —250 —400 -250 | |04 1.2

120 100 ~
- [100 160:| - C(“zo‘cllzo‘clz =0legyy =0cy, =0) R

The exact single solution of (9) is not found in the solution given in Exam-
ple 4.3 in [2]. This proves that the solution given in [2] is incomplete.
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Ezample 2. (Example 4.1 in [1]) Let us consider the fuzzy Sylvester matrix equa-

tion AX + XB = C*, € [0,1], (10).

o .10 -1
1 0] 211 Z12 213 T11 T12 T13
11| |Gy o oy | | Ty B | |0

21 422 L23 21 422 423 12 0 (10)

_ {(uﬂ—u) (—1+p,1—p) (1+u,3—u)]
0, 1—p) (0,1—=p)  (2ud—p)

Matrices A and —B do not share any eigenvalue, so the Sylvester equation
(10) has a unique solution. Using the Kronecker product’s notation and the
vectorization operator vec the equation (10) has a form of (11).

T

100 Lo Lot o ) )

010 ®[_11]+ 0-11 ®[01] vee(X) = vec(CH) (11)

001 12 0

where
T (1,2 — p)
5621 (0,1 —,U)
oy _ | L12 Sy | (B 1= p)
vee(X) = Zog ,vec(CH) = (0,1 - 1) ,p € 0,1].

T13 (1+p,3—p)
T23 (20,4 — )

With operation of Kronecker product and using a horizontal membership
function with variables f1, e, , Qcyys Qeyyy Qegys Qenyy Qeyy € [0, 1] for the vector
vec(C") the equation (11) is equivalent to fuzzy matrix equation (12).

2 0 001 0] [ [+ aey, (2 — 2)

-12 000 1] |25 Qeyy (1 — 1)

000 0020 |aly| _|[~14n+an,@-2m) 12)
0 0 —-100 2| |9 ey (1 — 1)

10 101 0] 14 0+ 0,y (2 — 200)

0 -1 01-11] |29 20+ Qg (4 — 31)

The solution to equation (12) is a multidimensional information granule of
the form (13).

37({;‘([1/7 acm‘) =0.25+ 025/1’ + (acu - 0'5a612)(1 - /’L)

x5 (1 ae,,) = —0.3125 + 0.4375 + (0.250r,, + 0.50rc,, + 0.1250x,,
—0.250005, — 0.500¢,5)(1 — 1)

xéll;(/u‘? acij) =175+ 0.75p + (acn — Lbae,, + acm)(l - :u‘)

290 (1, e, ) = —1.6875 + 2.062511 + (—0.250,, + 0.500,, + 1.87500,,  (13)
—0.7504522 - 1'5a613)(1 - /1') T Oleyy (4 - 3/1')

xgllg(,uv acl'j) =-05+ 0-5/~L + 04012(1 - /’L)

x5 (s ac,,) = 0.125 + 0.375 + (0.50c,, — 0.750r,, + 0.50rc,, + arc,,)
(1= p)
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where ac,; = {Qey;, Qerys Qergs Qegy s Cegys Qeyy > and 1, e, € [0, 1]

It is easy to show that solution (13) satisfies fuzzy Sylvester matrix equa-
tion (10) and its equivalent forms. The proof is analogous to that of Example 1,
so we leave it to the reader.

The span of the multidimensional solution granule (13) is presented in the
form of fuzzy numbers, formula (14) and graphically in Fig. 2, where a,;, p €
[0, 1].

[H‘l(xi’i(u,acw)) o (afa(n.a,,) H*(zﬁ’gm,aw»] _
Hil (Igl (:u’7 acfi,j )) Hil (Ig2 (/u’7 acq‘,j )) Hil (1‘33 (,LL, a(li,j ))

BEX A (—0.25 + 0.754, 1.25 — 0.7511)
@k 7 | T | (—1.0625 4 0.6875., 0.5625 — 0.9375.)

(0.25 + 2250, 4.75 — 2.25p) (=0.5 + 0.5,0.5 — 0.54)
(—4.1875 + 4.56251, 4.6875 — 4.312541) (0.125 + 1.125., 2.875 — 1.625;0]

(14)

1 T

Fig. 2. Span of the multidimensional granule of solution (13).

To compare the obtained solution (13) with the solution from Example 4.1
in [1] let us generate an exact single solution. The exact single solution (15) is
the solution obtained from the multidimensional solution (13), lying on support
(u = 0), for variables a,;, = ey = Qeys = Qleyy = Qlegy = Qleyy = 0.

11 12 T13 | 0.25 1.75 —0.5 (15)
T21 22 23 - 703125 *16875 0875
The exact single solution (15) satisfies Sylvester matrix equation (10), the
calculations are below.

0 -1
-1

1
L_[l oH 025  1.75 —0.5] [ 025  1.75 —0.5} 01 1
120

—11||—-0.3125 —1.6875 0.875 —0.3125 —1.6875 0.875

:[0—11 R

00 0:| - C(#:O‘Cu:O‘C12:D‘C13:O‘C21:O‘C22:0‘623:0) =
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Single solution (15) is not included in the result obtained in Example 4.1
in [1]. This proves that the result obtained in [1] is not a full solution of the
fuzzy Sylvester matrix equation (10).

4 Conclusions

The article presents an algorithm for calculating the solution of the FSME.
The algorithm uses the horizontal membership function of the fuzzy set. The
obtained solution of the FSME is a multidimensional information granule from
which any single exact solution can be determined. The presented examples show
that using the information granule, a solution can be generated that is not found
in the results obtained by other methods from the cited articles. Application of
the algorithm with HMF gives a full solution of the FSME.
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