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Stability analysis and control design for interval type–2
stochastic fuzzy systems
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(1. Institute of Information and Control, Hangzhou Dianzi University, Hangzhou Zhejiang 310018, China;
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Abstract: This paper considers the stabilization problem of a class of T–S model-based interval type--2 stochastic fuzzy
systems. The objective is to design a state feedback fuzzy controller such that the closed-loop system is stochastically
asymptotically stable. Sufficiency conditions of stochastic stability for the systems are established by using the stochastic
Lyapunov approach. Considering the properties of the interval type--2 membership functions, we introduce some slack
matrices in order to derive a less conservative result. Finally, two simulation examples are given to illustrate the advantages
and effectiveness of the proposed method.
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�aØ(½Itô�ÅT–S�
X
Ú�°��Å	½¯K.

�8c���é�k'u«m�.�Å�
XÚ

ÂvFÏ: 2014−07−14;¹^FÏ: 2015−04−21.
†Ï&�ö. E-mail: sszhou65@163.com; Tel.: +86 13282126860 .
I[­:Ä:ïÄ/9730Oy�8(2012CB821204),I[g,�ÆÄ7�8(61273093, 61333009),úô�­:g,�ÆÄ7�8(LZ12F03001)
]Ï.
Supported by the “973” Program (2012CB821204), National Natural Science Foundation of China (61273093, 61333009) and National Natural
Science Foundation of Zhejiang Province (LZ12F03001).



986 � � n Ø � A ^ 1 32ò
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2 ýýý������£££(Preliminaries)
½½½ÂÂÂ 1 �½Ø�X ,�.�
8ÜÃdäá¼

êµÃ(x, u)L«�

Ã={((x, u), µÃ(x, u))|∀x∈X, ∀u∈Jx⊆ [0, 1]},
µÃ(x, u)��.�
8Ü�äá¼ê�0 6 µÃ(x, u)
6 1,Ù¥x ∈ X , u ∈ Jx ⊆ [0, 1], JxL«x�Ìäá

Ý.eØ�X�ëY�, Ã�L«�

Ã =
w

x∈X

w
u∈Jx

µÃ(x, u)
(x, u)

, Jx ⊆ [0, 1],

XJØ��lÑ�,^
∑
��úª¥�

w
=�.

½½½ÂÂÂ 2 XJéuz��x ∈ X ,?¿�u ∈ Jx

⊆ [0, 1],Ñ÷vµÃ(x, u) = 1,KÃ´«m�.�


8Ü.eØ�X�ëY�,«m�.�
8ÜÃL«�

Ã =
w

x∈X

w
u∈Jx

1
(x, u)

, Jx ⊆ [0, 1].

½½½ÂÂÂ 3 éu«m�.�
8ÜÃ¥?���

x = x′,±uÚµÃ(x′, u)��I¶���²¡¡�
µÃ(x, u)���R��¡,��gäá¼êÒ´
µÃ(x, u)���R��¡,=µÃ(x = x′, u),Ù¥: x′

∈ X, ∀u ∈ Jx′ ⊆ [0, 1],�±L«�

µÃ(x′, u) ≡ µÃ(x′) =
w

u∈Jx′

1
u

, Jx′ ⊆ [0, 1]. (1)

½½½ÂÂÂ 4 «m�.�
8ÜÃ�gäá¼ê�½

Â�¡�ÌäáÝ,3ª(1)¥Jx′´x′�ÌäáÝ.

~~~ 1 ã1L«lÑ.«m�.�
8Ü�äá
¼ê,lã¥�±wÑ«m�.�
äá¼êk5�
R��¡,�x = 4,Ùgäá¼ê�±L«�

µÃ(4) =
1
0

+
1

0.2
+

1
0.4

+
1

0.6
+

1
0.8

.

lã1¥�±wÑ:

J3 = {0.4, 0.6},
J1 = J2 = J4 = J5 = {0, 0.2, 0.4, 0.6, 0.8}.
½½½ÂÂÂ 5 «m�.�
8ÜÃ�¤kÌäáÝ

Jx�¿8¡�8ÜÃ�Ø(½�.P�FOU(Ã),X
ã2¥ÒK«�¤«,L«�

FOU(Ã) =
⋃

x∈X

Jx.

½½½ÂÂÂ 6 «m�.�
8ÜÃ�þäá¼êÚe

äá¼ê´©OéAuFOU(Ã)>.�ü��.ä
á¼ê. þäá¼ê(UMF)´FOU(Ã)¥¤k��ä
áÝ�¿8,P�µ̄Ã(x),Xã2¥¢�¤«. eäá
¼ê(LMF)´FOU(Ã)¥¤k��äáÝ�¿8,P
�µ

Ã
(x),Xã2¥J�¤«,=

µ̄Ã(x) ≡ FOU(Ã), ∀x ∈ X,

µ
Ã
(x) ≡ FOU(Ã), ∀x ∈ X.

«m�.�
8Ü�Ø(½��±dÙþeäá¼

ê5£ã:

FOU(Ã) =
⋃

x∈X

[µ
Ã
(x), µ̄Ã(x)].

ã 1 lÑ.�«m�.�
8Ü�äá¼ê
Fig. 1 An interval type–2 membership function for

discrete universes

ã 2 Ø(½�(ÒK«�),þäá¼ê(¢�),eäá
¼ê(J�),Si��.�
8Ü(:�)

Fig. 2 FOU (shaded), LMF (dashed), UMF (solid) and an

embedded type-1 fuzzy set (dotted)

½½½ÂÂÂ 7 éulÑØ�X ,l«m�.�
8Ü
Ã¥z��ÌäáÝJx1 , · · · , JxN

©O�Ñ���

�,=u1, · · · , uN ,Ù¥: u1 ∈ Jx1 , · · ·, uN ∈ JxN
,�

z����gäáÝÑ�1,Si«m�.�
8Ü
�L«�

Ãe =
N∑

i=1

[
1
ui

]/xi, ui ∈ Jxi
⊆ [0, 1], i = 1, · · · , N.

½½½ÂÂÂ 8 Si�.�
8Ü�ÌäáÝ�¿�

�Si�.�
8Ü.éulÑØ�X ,��Si�
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�.�
8ÜAekN���,=u1, · · · , uN ,Ù¥:
u1 ∈ J1, · · · , uN ∈ JN ,Xã2¥�:�¤«,L«�

Ae =
N∑

i=1

ui

xi

, ui ∈ Jxi
⊆ [0, 1].

3 XXXÚÚÚ£££ããã(System description)
�Ä«m�.Itô�ÅT–S�
XÚ�.,^IF–

THEN5K£ã�

Rule i: IF f1(x) is M̃ i
1 , · · · , fψ(x) is M̃ i

ψ, THEN

dx = (Aix + Biu)dt + Cixdω(t), (2)

Ù¥: M̃ i
α´«m�.�
8Ü,¿�α = 1, 2, · · · ,

ψ, i = 1, 2, · · · , p, Ai ∈ Rn×n, Bi ∈ Rn×m, Ci ∈
Rn×n©O�®��¢~XêÝ
; x ∈ Rn×1´XÚ

�G�Cþ, u ∈ Rm×1´��Ñ\, ω(t)L«�VÇ
�m(Ω, F, P )þ÷v{F}t>0�ü�BL§,K1i�

�
5K�-¹rÝd«m�
8Üθ̃i(x)L«Xe:

θ̃i(x) = [θL
i (x), θU

i (x)], i = 1, 2, · · · , p, (3)

Ù¥:

θL
i (x) =

p∏
α=1

µ
M̃i

α

(fα(x)) > 0,

θU
i (x) =

p∏
α=1

µ̄M̃i
α
(fα(x)) > 0,

µ
M̃i

α

(fα(x))Úµ̄M̃i
α
(fα(x))©O´¼êfα(x)þeä

áÝ,¿�µ̄M̃i
α
(fα(x)) > µ

M̃i
α

(fα(x)),¤±éu�


5KikθU
i (x) > θL

i (x). «m�.�Å�
XÚ�

dx =
p∑

i=1

θi(x)[(Aix + Biu)dt + Cixdω(t)], (4)

Ù¥:

θi(x) =
θ̂i(x)

p∑
i=1

θ̂i(x)
,

p∑
i=1

θi(x) = 1,

θ̂i(x) = θL
i (x)υi(x) + θU

i (x)ῡi(x) ∈ [0, 1], (5)

ª¥: υi(x) ∈ [0, 1], ῡi(x) ∈ [0, 1]´��5¼ê,�
÷vυi(x) + ῡi(x) = 1.

555 1 «m�.�
XÚ�`³´§�±��?nX

Ú¥�3�Ø(½5[19]. lª(5)�±wÑ,3XÚ�.¥^

��5¼êυi(x)Úῡi(x)5£ãXÚ�Ø(½&E.Ó�ª

(5)�`²
Ø(½�¥�Si�.�
8Ü�äá¼ê�

±ÏLυi(x)Úῡi(x)d«m�.�
8Ü�þ!eäá¼ê

­���,3©z[6]¥,�öÞ~�²
ù�:.

$^²1©ÙÖ��n�OG��"��ì,T
��ì�1j�5K£ãXe:

Rule j: IF f1(x) is M̃ j
1 , · · · , fψ(x) is M̃ j

ψ, THEN

u = Kjx, (6)

Ù¥: Kj ∈ Rm×n, j = 1, 2, · · · , p´1j���5K

��"OÃ.«m�.�
��ì�Lã�

u =
p∑

j=1

(θj(x) + θ̄j(x))Kjx, (7)

Ù¥:

θj(x) =
θL

j (x)
p∑

k=1

(θL
k (x) + θU

k (x))
> 0,

θ̄j(x) =
θU

j (x)
p∑

k=1

(θL
k (x) + θU

k (x))
> 0,

�÷v
p∑

j=1

(θj(x) + θ̄j(x)) = 1,òª(7)�\ª(4)�

�4�XÚ�

dx =
p∑

i=1

p∑
j=1

θi(θj + θ̄j)(Ai + BiKj)xdt +

p∑
i=1

θiCixdω(t). (8)

ÚÚÚnnn 1[14] b½�3���½¼êV (x, t) ∈
C2,1(Sh×[t0,∞);R+),é¤k�(x, t)∈Sh×[t0,∞).

1) XJ÷vLV (x, t) 6 0,KXÚ(4)´�Å­½
�.

2) XJV (x, t)´kþe.�¼ê,�LV (x, t)´
K½�,KXÚ(4)´�ÅìC­½�.

3) XJV (x, t)´»�Ã.�kþe.�¼ê,�
LV (x, t)´K½�,KXÚ(4)3���S´�ÅìC
­½�.

PSh = {x ∈ Rn : |x| < h}, R+ = [0,∞). �½
h > 0,^C2,1(Sh ×R+; R+)L«¤k½Â3ê�
Sh ×R+þ��K¼êV (x, t)�8Ü.

4 ­­­½½½555©©©ÛÛÛ(Stability analysis)
�u = 0,XÚ(4)�±£ã�

dx =
p∑

i=1

θiAixdt +
p∑

i=1

θiCixdω(t). (9)

½½½nnn 1 «m�.�Å�
XÚ(9)�ÅìC­
½�¿©^�´: �3�½Ý
P ∈ Rn×n,÷ve¡
�Ý
Ø�ª:[

AiP + PAT
i ∗

CiP −P

]
< 0, i = 1, 2, · · · , p. (10)

yyy À�Lyapunov¼ê

V (x) = xTP−1x, (11)

Ù¥P−1 ∈ Rn×n > 0. w,V (x)´�½�,Ó��
�e¡3��ª¤á:

Vt = 0, Vx = 2xTP−1,

Vxx =
∂2V

∂x∂xτ
= 2P−1.
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dXÚ�§(9)��

φ(x) =
p∑

i=1

θiAix, ψ(x) =
p∑

i=1

θiCix,

K�©�fL÷Xª(9)�;��^3¼êV (x)þ,�

LV (x) =
∂V

∂t
+

∂V

∂x
φ(x) +

1
2
tr[ψT(x)

∂2V

∂x2
ψ(x)] =

2
p∑

i=1

θix
TP−1Aix +

p∑
i=1

p∑
k=1

θiθkx
T(CT

i P−1Ck)x =

p∑
i=1

p∑
k=1

θiθkx
T(2P−1Ai + CT

i P−1Ck)x =

p∑
i=1

p∑
k=1

θiθkx
T(P−1Ai +

1
2
CT

i P−1Ck +

AT
i P−1 +

1
2
CT

k P−1Ci)x 6
p∑

i=1

p∑
k=1

θiθkx
T(P−1Ai +

1
2
CT

i P−1Ci +

AT
i P−1 +

1
2
CT

k P−1Ck)x =
p∑

i=1

θix
T(P−1Ai + AT

i P−1 + CT
i P−1Ci)x. (12)

½Ây = P−1x,dª(12)�±��

LV (x) 6
p∑

i=1

θiy
TEiy, (13)

Ù¥Ei = AiP +PAT
i +(CiP )TP−1CiP . 3Ý
Ø

�ª(10)¥,du−P < 0,A^Ó�ÖÚn�Ei < 0,
��LV (x) < 0. �âÚn1,�±�ÑXÚ(9)´�
ÅìC­½�. y..

5 ������ììì���OOO(Control design)
½½½nnn 2 dª(4)(7)�¤�«m�.�Å4�X

Ú(8)�ÅìC­½�¿©^�´: �3Ý
Dj ∈
Rn×m,�½Ý
Q ∈ Rn×n,÷ve¡�Ý
Ø�ª:[

AiQ+QAT
i +BiDj +DT

j BT
i QCT

i

∗ −Q

]
< 0, (14)

Ù¥�"OÃÝ
Kj = DjQ
−1, j = 1, 2, · · · , p.

yyy À�Lyapunov¼ê

V (x) = xTPx, (15)

Ù¥P = PT ∈ Rn×n > 0. dXÚ�§(8)��

φ(x) =
p∑

i=1

p∑
j=1

θi(θj + θ̄j)(Ai + BiKj)x,

ψ(x) =
p∑

i=1

θiCix,

K�©�fL÷ª(8)�;��^3¼êV (x)þ,�

LV (x) =

∂V

∂t
+

∂V

∂x
φ(x) +

1
2
tr[ψT(x)

∂2V

∂x2
ψ(x)] =

2xTP [
p∑

i=1

p∑
j=1

θi(θj + θ̄j)(Ai + BiKj)x] +

1
2
tr[(

p∑
i=1

θiCix)T2P (
p∑

k=1

θkCkx)] =

p∑
i=1

p∑
j=1

θi(θj + θ̄j)xT(2P (Ai + BiKj))x +

p∑
i=1

p∑
k=1

θiθkx
T(CT

i PCk)x =

p∑
i=1

p∑
j=1

p∑
k=1

θi(θj + θ̄j)θkx
T[2P (Ai + BiKj) +

CT
i PCk]x =

p∑
i=1

p∑
j=1

p∑
k=1

θi(θj + θ̄j)θkx
T[P (Ai + BiKj) +

(Ai + BiKj)TP +
1
2
CT

i PCk +
1
2
CT

k PCi]x 6
p∑

i=1

p∑
j=1

p∑
k=1

θi(θj + θ̄j)θkx
T[P (Ai + BiKj) +

(Ai + BiKj)TP +
1
2
CT

i PCi +
1
2
CT

k PCk]x =
p∑

i=1

p∑
j=1

θi(θj + θ̄j)xT[P (Ai + BiKj) +

(Ai + BiKj)TP + CT
i PCi]x. (16)

½ÂQ = P−1, z = Q−1x,Kj = DjQ
−1,Ù¥Dj ∈

Rn×m,dª(16)�±��

LV (x) 6
p∑

i=1

p∑
j=1

θi(θj + θ̄j)zTGijz = zTΘz, (17)

Ù¥:

Θ =
p∑

i=1

p∑
j=1

θi(θj + θ̄j)Gij, (18)

Gij = AiQ + BiDj + QAT
i + DT

j BT
i +

(CiQ)TQ−1CiQ. (19)

3Ý
Ø�ª(14)¥,du−Q < 0,A^Ó�ÖÚn
��Gij < 0. dd��LV (x) < 0,�âÚn1,�±
�ÑXÚ(8)´�ÅìC­½�. y..

éu«m�.�Å�
XÚ(8),|^þeäá¼
ê�A5,Ú\tµÝ
,�±���Å5���­
½5^�.

½½½nnn 3 «m�.�Å4�XÚ(8)�ÅìC­
½�¿©^�´: �3�G�CþÃ'�~þαi1,

βi1, γi1, αi2, βi2, γi2,éu�
Ä¼êθi, θi, θ̄i, i = 1,

· · · , p,÷ve¡Ø�ª:

−θi + αi1θi + βi1θ̄i + γi1 > 0, (20)

θi − αi2θi − βi2θ̄i + γi2 > 0. (21)

�3Ý
Q ∈ Rn×n > 0, Dj ∈ Rn×m, Sij = ST
ji ∈
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Rn×n, Yij = Y T
ji ∈ Rn×n, Zij = ZT

ji ∈ Rn×n, Tij ∈
Rn×n, Uij ∈ Rn×n, Wij ∈ Rn×n,±9é¡Ý
Rj

∈ Rn×n, Vj ∈ Rn×n, Nj ∈ Rn×n, Mij = MT
ji ∈

Rn×n�Mij > 0,÷ve��5Ý
Ø�ª:

−S T U

TT −Y −W

UT −WT −Z


 < 0, (22)

Sii − S̄ii < 0, i = 1, 2, · · · , p, (23)

Yii − Ȳii < 0, i = 1, 2, · · · , p, (24)

Zii − Z̄ii < 0, i = 1, 2, · · · , p, (25)

Wij + WT
ij − W̄ij 6 0, i, j = 1, 2, · · · , p, (26)

Sij + ST
ij − S̄ij − S̄ji 6 0, 1 6 i < j 6 p, (27)

Yij + Y T
ij − Ȳij − Ȳji 6 0, 1 6 i < j 6 p, (28)

Zij + ZT
ij − Z̄ij − Z̄ji 6 0, 1 6 i < j 6 p, (29)

[
T̄ij−Tij − TT

ij ∗
CiQ −Q

]
6 0, i, j = 1, · · · , p, (30)

[
Ūij−Uij − UT

ij ∗
CiQ −Q

]
6 0, i, j = 1, · · · , p, (31)

Ù¥:

S̄ij = −
p∑

k=1

γk1Mkj +
p∑

k=1

γk2Mik + Mij −
p∑

k=1

p∑
l=1

γk1γl2Mkl −Rj,

W̄ij = αi1βj2Mij + βj1αi2Mji + Vi + Nj,

T̄ij = −
p∑

k=1

γk1αj2Mkj + αj2Mij −Ri +

p∑
k=1

αj1γk2Mjk + αj1Mji + Vj +

AiQ + QAT
i + BiDj + DT

j BT
i ,

Ūij = −
p∑

k=1

γk1βj2Mkj + βj2Mij −Ri +

p∑
k=1

βj1γk2Mjk + βj1Mji + Nj +

AiQ + QAT
i + BiDj + DT

j BT
i ,

Ȳij = αi1αj2Mij + Vj, Z̄ij = βi1βj2Mij + Nj,

T = [Tij]p×p, S = [Sij]p×p, Y = [Yij]p×p,

U = [Uij]p×p, Z = [Zij]p×p, W = [Wij]p×p.

�ù
^�Ñ÷v�,�"OÃÝ
�d

Kj = DjQ
−1, j = 1, 2, · · · , p (32)

¦Ñ.

yyy d�
Ä¼ê�5�
p∑

i=1

θi =
p∑

j=1

(θj + θ̄j)

= 1,���
p∑

i=1

(θi − θi − θ̄i) = 0,Ïdk

Γ =
p∑

i=1

p∑
j=1

(θi − θi − θ̄i)(θjRj +

θjVj + θ̄jNj) = 0, (33)

Ù¥: Rj = RT
j ∈ Rn×n, Vj = V T

j ∈ Rn×n, Nj

= NT
j ∈ Rn×n,òþª¥�11��Òm>¤k�Ð

m��

Γ = −
p∑

i=1

p∑
j=1

θiθ̄j(Nj + Vi) +
p∑

i=1

p∑
j=1

θiθjRj +

p∑
i=1

p∑
j=1

θiθ̄j(Nj −Ri)−
p∑

i=1

p∑
j=1

θ̄iθ̄jNj +

p∑
i=1

p∑
j=1

θiθj(Vj −Ri)−
p∑

i=1

p∑
j=1

θiθjVj.

(34)

b½�
Ä¼ê÷vØ�ª(20)–(21),Ù¥αi1, βi1,

γi1, αi2, βi2, γi2´®��Iþ. ½ÂMij >0�Mij =
MT

ji ∈ Rn×n´äk�A�ê�é¡Ý
,Ïd

Φ =
p∑

i=1

p∑
j=1

(−θi + αi1θi + βi1θ̄i + γi1)×

(θj − αj2θj − βj2θ̄j + γj2)Mij > 0. (35)

Ðmþª¥�Òm>¤k���

Φ =
p∑

i=1

p∑
j=1

(−θiθj +αj2θiθj +βj2θiθ̄j−γj2θi)Mij +

p∑
i=1

p∑
j=1

(γi1θj−γi1αj2θj−γi1βj2θ̄j +γi1γj2)Mij +

p∑
i=1

p∑
j=1

(αi1θiθj − αi1αj2θiθj − αi1βj2θiθ̄j +

αi1γj2θi)Mij +
p∑

i=1

p∑
j=1

(βi1θ̄iθj − βi1αj2θ̄iθj − βi1βj2θ̄iθ̄j +

βi1γj2θ̄i)Mij =

−
p∑

i=1

p∑
j=1

θiθj[
p∑

k=1

γk2Mik −
p∑

k=1

p∑
l=1

γk1γl2Mkl]−
p∑

i=1

p∑
j=1

θiθ̄j[αi1βj2Mij + βj1αi2Mji] +

p∑
i=1

p∑
j=1

θiθj[αj2Mij + αj1Mji] +

p∑
i=1

p∑
j=1

θiθ̄j[βj2Mij + βj1Mji] +

p∑
i=1

p∑
j=1

θiθj

p∑
k=1

αi1γk2Mik +

p∑
i=1

p∑
j=1

θ̄iθj

p∑
k=1

βi1γk2Mik −
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p∑

i=1

p∑
j=1

θiθj

p∑
k=1

γk1αj2Mkj −
p∑

i=1

p∑
j=1

θiθ̄j

p∑
k=1

γk1βj2Mkj +

p∑
i=1

p∑
j=1

θiθj

p∑
k=1

γk1Mkj −
p∑

i=1

p∑
j=1

θiθjαi1αj2Mij −
p∑

i=1

p∑
j=1

θ̄iθ̄jβi1βj2Mij −
p∑

i=1

p∑
j=1

θiθjMij =

−
p∑

i=1

p∑
j=1

θiθj[−
p∑

k=1

p∑
l=1

γk1γl2Mkl + Mij −
p∑

k=1

γk1Mkj +
p∑

k=1

γk2Mik] +

p∑
i=1

p∑
j=1

θiθj[−
p∑

k=1

γk1αj2Mkj + αj2Mij +

p∑
k=1

αj1γk2Mjk + αj1Mji] +

p∑
i=1

p∑
j=1

θiθ̄j[−
p∑

k=1

γk1βj2Mkj + βj2Mij +

p∑
k=1

βj1γk2Mjk + βj1Mji]−
p∑

i=1

p∑
j=1

θiθ̄j[αi1βj2Mij + βj1αi2Mji]−
p∑

i=1

p∑
j=1

θiθjαi1αj2Mij −
p∑

i=1

p∑
j=1

θ̄iθ̄jβi1βj2Mij. (36)

dª(18)(34)(36)��

Θ 6 Θ + Γ + Φ =
p∑

i=1

p∑
j=1

θiθj[−
p∑

k=1

γk1αj2Mkj + αj1Mji +

p∑
k=1

αj1γk2Mjk+αj2Mij +Gij +Vj−Ri] +

p∑
i=1

p∑
j=1

θiθ̄j[−
p∑

k=1

γk1βj2Mkj + βj2Mij +

p∑
k=1

βj1γk2Mjk + βj1Mji + Gij + Nj −Ri]−
p∑

i=1

p∑
j=1

θiθj[−
p∑

k=1

p∑
l=1

γk1γl2Mkl−
p∑

k=1

γk1Mkj +

p∑
k=1

γk2Mik + Mij −Rj]−
p∑

i=1

p∑
j=1

θiθ̄j[αi1βj2Mij +βj1αi2Mji+Vi+Nj]−
p∑

i=1

p∑
j=1

θ̄iθ̄j[βi1βj2(Mij + MT
ij) + Nj]−

p∑
i=1

p∑
j=1

θiθj[αi1αj2(Mij + MT
ij) + Vj]. (37)

½ÂSij =ST
ji ∈ Rn×n, Yij =Y T

ji ∈ Rn×n, Zij =ZT
ji

∈ Rn×n, Tij ∈ Rn×n, Uij ∈ Rn×n,Wij ∈ Rn×n, ¿
�÷vª(23)–(31). dª(17)(23)–(31)9ª(37)��

LV (x) 6 −
p∑

i=1

θ2
i z

TSiiz −
p∑

j=1

∑
i<j

θiθjz
T(Sij + ST

ij)z −
p∑

i=1

θ2
i z

TYiiz −
p∑

i=1

θ̄2
i z

TZiiz −
p∑

j=1

∑
i<j

θiθjz
T(Yij + Y T

ij )z −
p∑

j=1

∑
i<j

θ̄iθ̄jz
T(Zij + ZT

ij)z +

p∑
i=1

p∑
j=1

θiθjz
T(Tij + TT

ij )z +

p∑
i=1

p∑
j=1

θiθ̄jz
T(Uij + UT

ij)z −
p∑

i=1

p∑
j=1

θiθ̄jz
T(Wij + WT

ij )z =




r

s

h




T 

−S T U

TT −Y −W

UT −WT −Z







r

s

h


 , (38)

Ù¥:

r =




θ1z

θ2z
...

θpz




, s =




θ1z

θ2z
...

θpz




, h =




θ̄1z

θ̄2z
...

θ̄pz




.

dª(38)��,XJ÷vª(22)KLV (x) < 0. �âÚ
n1,�±�ÑXÚ(8)´�ÅìC­½�. y..

6 êêê���¢¢¢~~~(Simulation examples)
~~~ 2 �Äü��
5K�«m�.�ÅT–S�


XÚ,Ù�
5K£ãXe:

Rule i: IF x1 is M̃ i
1, THEN

dx = (Aix + Biu)dt + Cixdω(t), i = 1, 2.

®�e�Ý
:

A1 =

[
a 1.01

1.0 0

]
, B1 =

[
−2
b

]
,

A2 =

[
0.3 0.40
1.0 0

]
, B2 =

[
−1
−1

]
,

C1 =

[
−0.4 −0.1
0.2 −0.3

]
, C2 =

[
0.6 −0.8
0.7 −0.9

]
,
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Ù¥−7 6 a 6 −4, −1.5 6 b 6 1. b��
XÚ�
^3x1 ∈ [−10, 10]þ,«m�.�
XÚ�þ!eä
á¼ê½ÂXe:

θL
1 (x1) = 0.95− 0.925

1 + e−
(x1+4.5)

8

,

θU
1 (x1) = 0.95− 0.925

1 + e−
(x1+3.5)

8

,

θL
2 (x1) = 1− θU

1 (x1), θU
2 (x1) = 1− θL

1 (x1).

�υi(x1)=sin2(x1), ῡi(x1)=1−υi(x1). -αi1 =βi1

= 4, γi1 = 0.1, αi2 = βi2 = 1, γi2 = −0.5,KØ�ª
(20)–(21)¤á. dã3�±wÑXÚ­½5^���
Å5ÏLÚ\tµÝ
Rj, Vj, Nj,Mij��
ü$.

ã 3 ½n2, 3�­½«�,½n2(∗),½n3(◦)

Fig. 3 Stability regions for Theorem 2 (∗) and Theorem 3 (◦)

~~~ 3 �Ä«m�.�Å�
XÚ(8),Ù¥p =
2,®�e�Ý
:

A1 =

[
0.2 1.01
1.0 0

]
, B1 =

[
−2
1

]
,

A2 =

[
0.3 0.40
1.0 0

]
, B2 =

[
−1
−1

]
,

C1 =

[
−0.4 −0.1
0.2 −0.3

]
, C2 =

[
0.6 −0.8
0.7 −0.9

]
.

«m�.�
XÚ�þ!eäá¼ê½ÂXe:

θL
1 (x1) = 0.95− 0.925

1 + e−
(x1+4.5)

8

,

θU
1 (x1) = 0.95− 0.925

1 + e−
(x1+3.5)

8

,

θL
2 (x1) = 0.025 +

0.925

1 + e−
(x1−4.5)

8

,

θU
2 (x1) = 0.025 +

0.925

1 + e−
(x1−3.5)

8

.

�υi(x1) = 0.5, ῡi(x1) = 0.5. -αi1 = βi1 = 5, γi1

= −0.116, αi2 =βi2 = 0.01, γi2 =0.1422,KØ�ª
(20)–(21)¤á. ¦^MATLABLMIóä�¦)½n3

¥�­½5^�,��Xe�1):

D1 = [270.6682 110.7527],

P =

[
0.0102 −0.0030
−0.0030 0.0118

]
,

D2 = [268.6851 108.5405].

dKj = DjQ
−1, j = 1, 2,�ÑXÚ�G��"OÃ

Ý
:

K1 = [2.7561 0.4393], K2 = [2.6858 0.4739].

�
`²½n3�(J,ùp�Ñ2��ýã. =ã4–
5.e¡�Ñ�
�ý�Ð©ëê: XÚ�Ð©G�
�x1(0)=−0.5, x2(0)=0.8,�ý�m�t ∈ [0, T ],
Ù¥T = 25. 6ÄCþδt=T /N , N =27,Ú�∆t =
Rδt, R = 2.

ã 4 x1Úx2÷5^WienerL§´»��A­�
Fig. 4 State responses of x1 and x2 along 5 paths

of Wiener process

ã 5 x1Úx2÷10^WienerL§´»��A­�
Fig. 5 State responses of x1 and x2 along 10 paths

of Wiener process

7 ���((((Conclusions)
�©Ì�ïÄ
�aÄuT–S�.�«m�.�

Å�
XÚ�­½5¯K.�âItô�Å­½5nØ,
±�5Ý
Ø�ª�/ª�ÑXÚ­½�¿©^�.
3ù�(J�Ä:þ,|^«m�.�
8Üäá¼
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ê�A5,Ú\tµÝ
,��XÚ�­½5^�,d
(JÚc¡�(J�'äk�Ð��Å5. ����
ý~f?�Ú`²
ù�:.
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