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Abstract Aiming at the problems of small samples and uncertainty data in mechanical fault diagnoses,

improved triangular fuzzy theory is combined with support vector classifier machine, and a kind of fuzzy

support vector classifier machine named Fv-SVM is proposed. And then, a mechanical fault diagnoses

method are put forward. The results of application in complex equipment show that the fault diagnoses

method based on Fv-SVM is feasible and effective.

Keywords mechanical fault diagnoses; support vector classifier machine; triangular fuzzy number; particle
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% SVM �+����
�#:���%����, �?,@-�����)% SVM ,1&., ;�2$�
� ��� SVM, #���3:��+�����������'�/'�
���

�<, �?A4)'�� ��+��������: Fv-SVM (Fuzzy v-support vector machine), =,
��������5��/'�
���6-., ;�!"��(�/'�
���

2 Fv-SVM bc

���)%������� (FSVM) *.>?BC��%�+��, Lin � Wang[13] )'� FSVM �
��	%/�����70����0D@, �!+8��E� ��A��@9��E�1�8$, ��
����0D@�2:
����345���F, Sun � Sun[14] ,������%�	�0�"��B
C����� (LS-SVM) �&, %����,1���:�, ����;1�����<��������
����34����DF, Hong� Hwang[15] AE)'.����������34��,����%F
�6=2�

��7	"�����������, 3�@-������Æ#4G���	��<H5,@-
������ v-SVM ��6I., G8�,�H, ;�2$�� ��������+���, I�� Fv-
SVM�
2.1 d-./01

�
�����, J�9ÆJ7	2JJ�>?9������, �5/'�
�������
��6D��+��, �<:7���, �����'�@-���, K�������)%@-����
L������;@������:�, �?)'��8@@-���, ��:7�����;@����
������, �KL�:

�)%@-�������� M = (αM , rM , βM ), rM ∈ R ��A, αM ∈ R �3Æ9, βM ∈ R �BÆ

9 [16]��L�%@-�����:�, �?)'��8@@-�������, <: M = (rM , ∆rM , ∆rM ),
�� ∆rM = rM − αM , ∆rM = βM − rM�

� T (R)� T (R)d�&�� 1�� d�@-���:�A, B � T (R)F;���, A = (rA, ∆rA, ∆rA),
B = (rB , ∆rB, ∆rB), r, ∆r, ∆r�&�������A�3B��=@�T (R)F���CM�:�: A+B =
(rA+rB, max(∆rA, ∆rB), max(∆rA, ∆rB)), k ≥ 0N kA = (krA, ∆rA, ∆rA), k < 0N kA = (krA, ∆rA, ∆rA),
A − B = (rA − rB , max(∆rA, ∆rB), max(∆rA, ∆rB))�> A � λ <?� Aλ = [A(λ), A(λ)], A(λ) � A(λ)
�&�� λ <?�3BM�, <�� Hausdorff @�, ��: T (R) F�=>:

D(A, B) = sup
λ

max{|A(λ) − B(λ)|, |A(λ) − B(λ)|}
= max{|(rA − ∆rA) − (rB − ∆rB)|, |rA − rB |, |(rA + ∆rA) − (rB + ∆rB)|} (1)

1

0

A B

A Ar r B Br rBrAr B Br r
A Ar r x

)(A )(B)(A )(B

e 1 45f6g7h8 λ 9:

O 1 @'@-��� A � B � λ <?. DE l ���A$��;1? {(xi, yi)}l
i=1, xi ∈ T (R)d, yi =(

ri, ∆ri, ∆ri

)
�BNPC, �?O�%I@-���2	, xi = (rxi , ∆rxi), yi = (ryi , ∆ryi), �� rxi = ∆rxi ,

ryi = ∆ryi�

AF�P�+D�: f(x) = sgn(w · ϕ(x) + b), �� w = (w1, w2, · · · , wd), w · ϕ(x) ���� w � ϕ(x)
�@E�� T (R) F, f(x) ����:

f(x) = sgn(w · ϕ(rx) + b, ϕ(rx)), �� ϕ(∆rx) = max(∆r1
x, ∆r2

x, · · · , ∆rd
x) (2)
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2.2 d-./i;j<=>?
%���9)�����, ���	��9)��� H rx → ϕ(rx), ,���GR"C������

�:, *I���:�AF�+�PD�������:�, ������@ECM��JD�	R
S, < K(rx, rx′) = ϕ(rx) · ϕ(rx′ )�

�� v-SVM ���+���TH, �.!" T (R) F���������+�PD�, ��	L�
�!���$�:

min
w,ξ,ρ,b

τ
(
w, ξ(∗), ε

)
=

1
2
‖w‖2 − vρ +

1
l

2∑
k=1

l∑
i=1

ξki

s.t.

⎧⎪⎨
⎪⎩

(ryi + ∆ryi) − (w · ϕ(rxi) + b + ϕ(∆rxi)) ≥ ρ − ξ1i

(ryi − ∆ryi) − (w · ϕ(rxi) + b − ϕ(∆rxi)) ≤ ρ − ξ2i

ξki ≥ 0, ρ ≥ 0, k = 1, 2
(3)

	�, ρ > 0; v ∈ (0, 1] � ε KS���D@K� (O 2 @' Fv-SVM � ε �ELKS); ξki(k = 1, 2; i =
1, 2, · · · , l) �UT �, UA.IV�FB�

2

yr

1

( )xr

yr

( )xr

e 2 Fν-SVM 8 ε CDEFG

%FG���: Lagrange D��Lagrange D�%�K� w, b, ρ, ξ �GF�VJ��H, !" (3) 	�
%I!���:

max
a

W (a) = −1
2

2∑
k=1

l∑
i=1

l∑
j=1

yiyjakiakjK(rxi ∗ rxj )

s.t
2∑

k=1

l∑
i=1

yiαki = 0, 0 ≤ αki ≤ 1
l
,

2∑
k=1

l∑
i=1

αki ≥ v (4)

��, αki ≥ 0 (k = 1, 2; i = 1, 2, · · · , l) � Lagrange CH, w =
∑2

k=1

∑l
i=1 (αki − α∗

ki)ϕ(rxi)�
�� Karush-Kuhn-Tucker(KKT)WM, ��!�:, �:⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

α1i(ryi + ∆ryi − w · ϕ(rxi) − b − ϕ(∆rxi ) − ρ + ξ1i) = 0
α2i(ryi + ∆ryi − w · ϕ(rxi) − b + ϕ(∆rxi ) − ρ + ξ2i) = 0
(1/l − αki)ξki = 0[
v −

2∑
k=1

l∑
i=1

αki

]
ρ = 0

(5)

�<�I, �!��M!"� αki WKFB: αki = 0�%� k = 1 � k = 2 ;�!�	X, � εk K

S@, αki = 0; �KS�Y���Æ9����, αki = 1/l 9 0; �KSÆ9F���)%����, <N
αki ∈ (0, 1/l) 9�� 0, ��FB:

b = ryi + ∆ryi − w · ϕ(rxi) − ϕ(∆rxi) − ρ, α1i ∈ (0, 1/l) (6)

9

b = ryi − ∆ryi − w · ϕ(rxi) + ϕ(∆rxi) − ρ, α2i ∈ (0, 1/l) (6′)
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;��� b, ��M�J, �XZKL2�(6) � (6′) ;�!���F��3�, <�&$!�KL2
b1 � b2 FB: b1 = b2 = b�B��	%J�)%������&>� n

(∗)
NSV 1, n

(∗)
NSV 2, [ n

(∗)
NSV 1 �= 0, < b

��M	�:

b =

∑
i∈nNSV 1

(ryi + ∆ryi − w · ϕ(rxi ) − ϕ(∆rxi ))

2nNSV 1
+

∑
j∈n∗

NSV 1

(ryj + ∆ryj − w · ϕ(rxj ) − ϕ(∆rxj ))

2n∗
NSV 1

(7)

� b 2I, �!"�P�+D� (2)��	 (5) �I�L%
, 	 (4)����	IV�X�M$�	IV�
,�?���I, lv �&�Æ9����� (%J�N\�) �F9��������9�

Fv-SVM �� v �O:������ 1 @':
J0 1 �"I;1? T = {xi, yi}l

i=1, �� xi ∈ T (R)d, yi ∈ T (R). O� Fv-SVM ,1�+, []!
"� ρ∗ 2�H, <:

1) [>ÆA\������� p, < v ≥ p/l, < v �ÆA\��������^��Y�F9�
2) [>�������� q, < v ≤ q/l, < v �����������^��Y��9�
kK 1)�KKTWM,[ ρ∗ > 0,<%JIV

∑2
k=1

∑l
i=1 αki ≥ v�CH δ = 0,IV

∑2
k=1

∑l
i=1 αki ≥ v

$��	�M���, ��ÆA\���]%J� ξki > 0, < αki = 1
l , 	< v =

∑2
k=1

∑l
i=1 αki ≥ p

l .

2) ������]%J� αki > 0, P� v =
∑2

k=1

∑l
i=1 αki ≤ q

l�

���C, ���WM�, Z����� l → ∞ N, v � 1 �NNOO��������������
Y�

3 Ll Fv-SVM MNmnOPQ

3.1 .opqrsRtJ
����/'�
��SFD�����+��, *��� ��
Æ	��+�, ���Y9	�

(L���*PP) ���HJM@�/'	��B����	<�?QR[[QY��*PP	��[Q
�RHJM/'	��

/'��	��, ������2TS��, U��>?4G�%�>?�	�, �X��S��[Q�
�@�T, *I� 0–1 ���2�����_?"���JJ�����, O�������2	U�
K����T�

3.2 =>ÆV
�� Fv-SVM ��, %�5/',1�
�?W�:
Step 1 %��,14������:�, 2$;1��?;
Step 2 DEJD� K(x, x′), :72L (3) 	�!��)D�;
Step 3 $�!���=U
 KKT WM, !"K� αki, �	 (7) �M b;

Step 4 % ��� x, ��	 (2) �M�P2�
4��:�,�V�E���V��� 0–1 ��2����:�N, �7	2��%I@-����

�A, ��=@Z�7	2�D�, �?Z ∆rxi = 0.1 × rxi�

%��� SVM �+"	X, ����+����R	��#�JD�, DE.�����JD�96
DE.#;��:"��:���GR!�. ���EJD���E���, �#5]A$� SVM �
��9W�]�&. �&�� SVM�JD��� 2�+: Æ�JD���JJD�. Æ�JD� (VL��
JD�) ��Æ���, QR6=
S����V��%JD��2�
Æ; ��JJD� (L�`JD�)
���J�, UQR6=
O����%JD��2�
Æ. ZDE.��JD�I, 96D�.��� 
��, ���� ������X��� ��%�� (%aI����	�) ;�����, ]�L
Y!"��Z����� �, P�����%��6�H5
�A���. [�/'�	����
ÆY�O, ��
J�
T9�WX��JD���Y��� �, /�?DE�`X��D�*�J
D��

4 uvwX

�C\��\Yb]�Yb�/'�
�V, 
ÆYb�Z��*�	��
, ����2� �
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(C�JM�[�ZN),���>?� � (L]c@,UVW�[@,�^\�2d[@�)�3� Matlab
>?_@6J���;1��+�
�X, C1PP� Core (TM)2 CPU 1.80GHz�@` 1.00G �e��

�;1����%	f��,1�+, �
-]L� 1 ]����, ���	��2��	�\%^Y
b��/'�	,1g_]!", ,�
!"�2����	��2*Y�U0.��;� 1 ��]', �
��
\�� 28.6% (a 3 &), ���
\�� 0.51% (a 12 &), KL�
\�� 5.68%��T-]9�W
Fv-SVM �6,	f��Z�^�R_"�\�5��C\�����, ���_?�5���b`#`
��G�, 	<�
]!-]�FO�, �9XW. Fv-SVM �
����1���3��

] 1 ^xy_8z`ab

Y�
hc%9 Q`%9 Fv-SVM #3%9

A B C D E F Zd %9 #3d %9

1

2

3

4

5

6

7

8

9

10

11

12

13

0.9

0.7

0.9

0.7

0.5

0.7

0.1

0.3

0.5

0.7

0.3

0.3

0.5

0.0222

0.0614

0.0721

0.0534

0.0292

0.0858

0.0358

0.0802

0.0534

0.0567

0.0983

0.0344

0.0625

0.0037

0.0221

0.0329

0.0134

0.0228

0.0496

0.0722

0.0688

0.0557

0.0049

0.0553

0.0948

0.0861

1

1

1

1

2

2

4

2

1

1

8

10

1

0.0579

0.0329

0.0132

0.0099

0.0389

0.0028

0.0987

0.0038

0.0722

0.0988

0.0153

0.0468

0.0451

4

14

9

7

2

3

8

2

5

9

6

4

7

2.3

–5.7

–1.5

6.7

–3.8

6.4

5.7

–2.7

1.8

5.2

–4.6

3.9

2.8

1

–1

–1

1

–1

1

1

–1

1

1

–1

1

1

2.58

–5.27

–1.93

7.50

–3.73

6.35

5.58

–2.76

1.83

5.16

–4.55

3.92

2.73

1

–1

–1

1

–1

1

1

–1

1

1

–1

1

1

e: A cidaje ([\]fa); B cigh'b (kd]fa); C cibcgh (kd]fa); D ci^_`ce ([

\]fa); E cighi�8ghf (kd]fa); F ciZjd8dlce ([\]fa).

] 2 g{z`hij|
Model m#e f#e
v-SVM 23% 9%

Fv-SVM 7% 0%

�.L�% Fv-SVM ����
Æ@,1��, )% v-SVM �� (��?�@-�����A&$)
9k��;1FG/'�	�� 2 @'.��\�N (�l�Y��E+/'�
A\E��k�
E��
Y) �g�N (�l�Y��E+/'�
agE��k�
E��Y) ��+3]�����Wb]', %
��MV�/'�	, �?@'� Fv-SVM ��+l)2L��)% v-SVM ����+l)2��XW.
�� Fv-SVM ����
��e���O:, ��1���3�, c�������%�J��

5 m

�������/'�	

	��
Æ,�/'�
��UR_C��RHJM�[�ZN*�
����, �fh��Y9
Æ	�, nnZ���Y9	���F$����Z��*�%������
�����Y9
Æ	�, )%�����:�3]��. R_"@-��go�6ih��/'I(
��T, =�,�����/'I(j��������!���, :7�
��, ;�ÆKF)�.�
���
��

�<�C,�?]:7��� Fv-SVM/'�
��,��.�m��#np@�/'I(��Z��,
�3����\���I(�Z�kl�io�����$��@,�6�������/'�
)j�L
�3��
kq, %����goU'��+8���O:�
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