
1 32ò1 7Ï
2015c 7�

� � n Ø � A ^
Control Theory & Applications

Vol. 32 No. 7
Jul. 2015

UUU???���ÜÜÜ©©©���***Petri���XXXÚÚÚ333������æææ���äääììì���OOO

DOI: 10.7641/CTA.2015.40748

4ÈL1†, 4©û1, ±ï]1, 4°�2, ���1, 4S)1

(1. H®Ê�ÊU�ÆgÄzÆ�,ô�H® 210016; 2. ÀH�Æ>f�Æ�ó§Æ�,ô�H® 210096)

Á�:�©ïÄÜ©�*Petri�ï��lÑ¯�XÚ��æuÿ¯K.�éyk�Ü©�*Petri�XÚ�3�
�æ�äì�3�æ�äÇ�$�"�,�©JÑ
�ê�55y�2Âp½�å8¤�Ü©�*Petri�XÚ3
��æ�äU?�{. b½Ü©�*Petri�XÚ�(��Ð©I£�®�,�æ�ï��Ø�*C[. Äk,�{I
�*ÿ�Â¯�S�,¦)Ü©�*Petri���ê�55y¯K,�{éXÚ��æ?1ÐÚ�ä. ÐÚ�ä�Ø
(½�ä��/,æ^2Âp½�å��{?1�ä. ��,ÏLlÑ¯�XÚ¢~©Û,æ^�©��{,�æ�
äÇwÍJp,�y
�{�k�5.
'�c: �æ�ä;Ü©�*Petri�;�ê�55y;2Âp½�å

¥ã©aÒ: TP391.5 ©zI£è: A

An improved design of online fault diagnosis for
partially observed Petri net systems
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Abstract: We study the fault diagnosis problem for discrete event systems (DES) which can be modeled by the par-
tially observed Petri net (POPN). To overcome the low diagnosis ability of the currently POPN online fault diagnosis
instruments, we propose an improved online fault diagnosis algorithm that integrates the generalized mutual exclusion con-
straints (GMEC) and Integer Linear Programming (ILP). We assume that the POPN structure and its initial markings are
known, and the faults are modeled as unobservable transitions. First, the event sequence is observed and recorded; and
then, the ILP problems of POPN are solved for primary diagnosis for the system behavior. If the results in the primary
diagnosis are uncertain, we use the GMEC for a further diagnosis. A real discrete event system is taken as an example for
analysis; the results show that the proposed algorithm increases the diagnosis ability remarkably and the effectiveness of
the proposed algorithm is validated.

Key words: fault diagnosis; partially observed Petri nets; integer linear programming; generalized mutual exclusion
constraints (GMEC)

1 ÚÚÚóóó(Introduction)
gÄ3��æuÿ��äEâ[1]´Cc�É'5

�ïÄ+���.�æ©Û�¹i�XÚ1�!�ä
?¿�æ�u)¿E£�A�a.½öÞ.~5�
�æuÿ��ä�{Ì��¹Äu)Û�.[2]!Äu

&Ò?n[3]ÚÄu�£[4]n�aO.

Petri�(Petri net, PN)�����XÚ,äk�*
�ã/L«Úî��êÆÄ:VA5,~�2�A
^ulÑ¯�XÚ¥. ÄuPetri��lÑ¯�XÚ
(discrete event system, DES)�æuÿ��äEâ[5–9]

ïÄ¤J�cÌ��))º�äì!?È�äì!

PNe�¥3��æuÿüÑ!G–I£{!Ä:��
ã{��{�JÑ.ØÓ�{,Ù·^^��Ø�½
�Ó,Ó��k�g�`":.

)º�äì[6, 10]O�þ�,ØI�O�G��m,
�;ìI¦þ�,�^uO�3��æ½�æG�;
?È�äì[11–12]I�Â8XÚ�Uu)��æ8½
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üÑ[13–14]�;��XÚµeCz��ÿ#�OÚ

#½Â�äì�ó�;Ä:��ã{[15–17]æ^j�

þ�Ä:��ã5élÑ¯�XÚ?13��æu

ÿ��ä,AO·Ük.Petri��z�C[dØÓI
\IP.

Dotoli�[18]<JÑ�Petri�µeeÄu�ê�5
5y�DES3��æ�ä�{`:3u§äk�$
�O�E,Ý,U;�G��¿¯K,�ïá��ä
ì�)º�äì,ØI�l�O�.Ù�{élÑ¯
�XÚ1�?13��æ�ä,�ä(J©�Ã�
æ!�æ®u)Ú�æ�U®u)ù3«�/. éu�
æ�U®u)��/, Dotoli�<¿����[�`
²�?Ø,ù�´Dotoli�<JÑ�3��æuÿ�
�ä�{�Øv�?.

�©�é©z[18]¤JÑ�{3?1�æ�ä�
Ñy��æ�U®²u)��ä(J�
�\ïÄ,
Ì�æ^2Âp½�å(generalized mutual exclusion
constraint, GMEC)5éT�ä(J�?�ÚïÄ,±
ÏUéXÚ1��Ñ�²(��ä,?¢yXÚ�
�ä5�Jp.

2 222ÂÂÂppp½½½���ååå���XXXÚÚÚ���æææ111���£££ããã (Preli-
minaries of GMEC and description of the
system fault behavior)

2.1 Petri������222ÂÂÂppp½½½���ååå(Petri nets and GMEC)
½½½ÂÂÂ 1 Ü©�*Petri�(partially observed Petri

net, POPN)½Â���6�ê|PN = (P, To, Tu;
Pre,Post,M0),�T = To ∪ Tu. Ù¥: P´�ê�

m�¥¤8, T´�ê�n�C[8, ToL«�*C[

8, TuL«Ø�*C[8, |Tu| = nu 6 n. ½ÂÝ

C = Post−Pre�PN�'éÝ
,Ù�ê�m×n,
M0�PN�Ð©I£.

P¥¤p�I£�M(p),C[tj ∈ T3I£M?

¦U�¿�^��:é?¿p ∈#tj(Ù¥#t�t�c�

8:#t = {p ∈ P : Pre(p, t) > 0})Ñk

M(p) > Pre(p, tj). (1)

b�tj ∈ T3I£M?¦U���#�I£�

M ′,P�M [tj〉M ′,KM ′ = M + C · ~tj ,¡�T
PN�G��§,Ù¥~tj��5�Ä�þ�éA�n�

:»�þ.

��Ü©�*Petri�¥eØ�3k��Ì�,K
¡T���±Ï�.

½½½nnn 1 [6] ®���PN = 〈PN,M0〉,�T
PNXÚ��±Ï�. ��=��3���K�ê)
σ÷vM = M0 + C · σ�,KkM ∈R(PN,M0).
Ù¥R(PN,M0) = {M |∃σ : M0[σ〉M},�TPN

XÚ���8.

½½½ÂÂÂ 2 �½XÚPN = (P, T,Pre,Post)9
��Ø�*C[f8Tu ⊆ T ,�PNþ�Tu–p�f
�(P�: PNu ≺Tu PN )½Â�dPN�KT\Tu¥

¤kC[�����o�ê|PNu =(Pu, Tu;Preu,

Postu), Cu = Postu−Preu�'éÝ
C = Post
−PreéuTu���.

½½½ÂÂÂ 3 �½XÚPOPN,¡¼êλ : T→E∪{ε}
�ÙC[IP¼ê,T¼ê©��z�C[t ∈ T�

(J�o´ei ∈ E�o��Gε. et ∈ Tu,Kλ(t) =
ε;et ∈ To,Kλ(t) 6= ε.

b��Ó�IPei ∈ E�õ�U���C[�

'.ÏdÉ�uTo�IP¼ê´�±Ï¿��±�b

��E = To.

2Âp½�å�{´lÑ¯�XÚiÒ��n

Ø[19]¥��«���I¦,éõÙ¦/ª����
¦��±=z�2Âp½�å[20–21]¯K.

½½½ÂÂÂ 4 ®�Petri�PN = 〈PN,M0〉,½Â�
���|(l, k)�TPN�2Âp½�å,Ù¥l ∈
Nm, m�PN¥¥¤�ê8, k ∈ N�~ê. éXÚ]
½Â
���NN5«�M(l, k) = {M ∈ Nm|
lTM 6 k},Ù¥ l�¥¤��K�ê8þ�N�,
=l : P → {0, 1, 2, · · · }, k�XÚ]þ..

2Âp½�å8Ü(L,k)½Â
���NN5

« �M(L,k) =
nc⋂
i=1

M(li, ki),Ù ¥: L = [lT1 lT2

· · · lTnc
]T, k = [k1 k2 · · · knc ]T.

�å5���Ï^/ª�GMEC�Û�/ª[22].
�{(Lj, kj), j = 1, · · · , np}�GMEC8Ü,@oT
GMEC8Ü�Û��NN5«��±�½Â�
np⋃
j=1

M(Lj, kj). ù����58Ü�)é¤k��

k�j÷vLjm 6 kj�I£m.

2.2 XXXÚÚÚ���æææ111���£££ããã(Descriptions of system
fault behavior)
PTf = {τ1, τ2, · · · , τF} ⊆ Tu���æ�'�Ø

�*C[8 (F�Ù�ê, |Tf | = nf 6 nu),PTnf =
{τF+1, τF+2, · · · , τF+K} ⊆ Tu���æØ�'�Ø

�*C[8, Tu = Tf ∪ Tnf , K���æØ�'�Ø

�*C[8�ê.

XÚ�Uu)��æ8P�∆f = {f1, f2, · · · ,

fF},?¿�æfi ∈ ∆fþd��Ø�*�æC[

τi ∈ Tf�.z,¿�X�A�æC[τi ∈ Tf�u)

u)(i ∈ {1, 2, · · · , F}).

Pw��S�σ ∈ T ∗�'¯��*ÿi,Ù¥w

= λ(σ),¿�¦^C[IP¼ê�*Ð/ªλ: T ∗ →
E∗,eσ = tb1tb2 · · · tbk

,Kkλ(σ) = λ(tb1)λ(tb2) · · ·
λ(tbk

),�|σ| > |w|. eS�σ¥�¹q��εIP�C
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[,K|σ| = q+ |w|. d	,Pσu ∈ σ(σo ∈ σ)�σdØ

�*(�*)C[9�A�u)�þ~σu : Tu → NK+F

(~σo : To → NO)|¤�fS�. aq/,Pσf(σnf) ∈
σu�σud�æ(��æ)C[89éA�u)�þ
~σf (~σnf )|¤�fS�. b�E =To,Kw=λ(σo). :
»�þ�P�

~σ =

[
~σo

~σu

]
.

½½½ÂÂÂ 5 �½POPNXÚÐ©I£M0 ∈ Nm9

÷vM0[σ0〉��*C[S�σ0,K½Âσ03M0?�

)º8�
∑

(M0, σ0) = {σ ∈ T ∗|M0[σ0〉, σ0 ∈ σ}.
½Âσ03M0?�¹�æfk�)º8�∑

(M0, σ0, fk) = {σ ∈ ∑
(M0, σ0)|τk ∈ σ}.

3 ÄÄÄuuu222ÂÂÂppp½½½���ååå���333������æææ���äää���{{{

(Approach of online fault diagnosis based on
GMEC)

3.1 POPN���...bbb���������äääììì¼¼¼êêê(Assumptions
for POPN model and definitions of diagnoser)
�©ïÄ�U?�ÄuGMEC�Ü©�*Petri�

�æ�äìÌ�^5�äPetri�¥z��*ÿlÑ
¯��XÚ1�´ÄÑy
,��æ.

Äkée©¤JÑ��æuÿ��ä�{·^^

��Xeb�:

H1) XÚ�d�PN = (P, T ;Pre,Post)�.
z,¿�Ð©I£M0®�.

H2) To = E¥�C[:»�'�IP´�*�.

H3) PNXÚPNu ≺Tu PN��Ì��.

^�H1)ÚH2)´w«XÚ�£Y²�b�, H3)
´ÄuPN�.��æuÿ+�¥�Óæ^�b�:
Ø�*C[�Ì�´ØNN�.

�æ�äì�Ñ\�POPN�Ð©I£M09XÚ

1�*ÿiw ∈ L, L�DES�ó. b�w = λ(σ),P
σ = σu1tα1σu2tα2 · · ·σuh

tαh
(h > 1)��wéAC[

S�. Ù¥, σ0 = tα1tα2 · · · tαh
= w�σ��*fS

�(tαi
∈ To, i = 1, 2, · · · , h),S�σui

∈T ∗u�3C[

tαi
�c3C[tαi−1(i = 2, · · · , h)��u)�Ø�

*C[S�.

½½½ÂÂÂ 6 ò�æ�äì½Â�¼êΦ : Nm ×T ∗o
→ ∆f ∪ {N}, Φ�z�Ð©I£M0 ∈ Nm�'�

éuz�*ÿiw ∈ T ∗o��Xe:

1) Φ(M0, w) = {fk ∈ ∆f |∑(M0, σ0, fk) =
∅ = {N},3w¥duØ�3�¹�*ÿì���C

[τk ∈ Tf�:»S�,XÚ1�Ã�æ.

2) Φ(M0, w) = {fk ∈∆f |∑(M0, σ0, fk) 6= ∅,
�σ0 = w},XÚ1�3*ÿiw¥u)�æ. 3ù«

�/e�æ�äìJø�U�¹3�*ÿi���

�S�¥��æfk ∈ ∆f .

3) Φ(M0, w) = {fk ∈ ∆f |∑(M0, σ0, fk) 6=∅,
�σ0 = w} ∪ {N},XÚ�1��Uk�æ,��U
�æfk ∈ ∆f3w¥�u).

�Φ(M0, w) = {fk ∈ ∆f |∑(M0, σ0, fk) 6= ∅,

�σ0 = w} ∪ {N}�,¦^GMEC8Ü(L, k)5éX
Ú1�?�Ú�ä. �τθ�.z�æfk,2Âp½�
å8Ü(L,k)��Xe:

m(pi) + m(pj) 6 k, (2)

Ù¥: pi ∈ ((#τθ)#)#, pj ∈#τθ, k ∈ N,XÚØ÷v
ª(2)�,�æC[τθ�:»,XÚ1��æ.

3.2 ���æææ���äää���{{{(Approach of online fault diag-
nosis)
�â�ê�55yÚ2Âp½�å�½Â9Petri

��5L«'X,�©JÑ
lÑ¯�XÚ3Petri�
µeeÄu2Âp½�å��ê�55y�3��

æuÿ��ä�{. T�{·AudL�ó£ã,d
PN = (P, To, Tu;Pre,Post)�.z�lÑ¯�X
Ú,�÷v^�H1)–H3).

3�ó���æ�äìΦ�§S¥,éuz�Ð
©I£M0 ∈ Nm,3�w ∈ L�:»?,½n2�Ñ

z�3M0?�u)��*ÿS�σo = w���

�S�σ ∈ T ∗��5�êA�. T½n#N)ö�y
¢�äì¿òXÚ�1�A��Ã�æ!�æ!�U

k�æù3«G�.

½½½nnn 2 [18] ®�DESd�óL£ã,¿dPNX

Ú〈PN,M0〉�.z,�PN÷v^�H1)–H3). ��
=��3h�:»�þ~σu1 , · · · , ~σui

, · · · , ~σuh
÷ve

��5�å:

ξ(w,M0,Post,Pre) =



~σui
∈ NF+K , i = 1, 2, · · · , h,

Cu

k∑
i=1

~σui
> Pre~tαk

−M0 −C
k−1∑
i=1

~tαi
,

k = 1, 2, · · · , h,

(3)

K�½���*ÿiw ∈ L(w=σo = tα1tα2 · · · tαh
)

9��:»S�σ = σu1tα1 · · ·σuh
tαh

(|σui
|>0, i =

1, 2, · · · , h)÷vσ ∈ ∑
(M0, σ0).

½½½nnn 3 ®�PN = 〈PN, M0〉÷v^�H1)–
H3)9 ξ(w,M0,Post,Pre). �½*ÿìw ∈ L(w
= σo = tα1tα2 · · · tαh

),½ÂXeILPP1:

minϕ(~σu1 , ~σu2 , · · · , ~σuh
) =

h∑
i=1

~σui
(τθ). (4)

éu τθ ∈ Tf ,e ILPP1k)~σ∗u1
, ~σ∗u2

, · · · , ~σ∗uh
�

ϕmin(~σu1 , ~σu2 , · · · , ~σuh
)=ϕmin > 0,Kkσ=σu1tα1
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· · ·σuh
tαh

∈ ∑
(M0, σ0, fk),KXÚ1��æ.

yyy b��þ~σ∗u1
, ~σ∗u2

, · · · , ~σ∗uh
�ILPP1���

),�ϕmin(~σu1 , ~σu2 , · · · , ~σuh
) = ϕmin > 0. Ïd,)

öíäÑéu�
i ∈ {1, · · · , h}Ñk~σui
(τθ) > 1.

d½n2��3S�σ = σu1tα1 · · ·σuh
tαh
÷vσ ∈∑

(M0, σ0),�τθ ∈ σui
∈ σ. Ïd, σ = σu1tα1 · · ·

σuh
tαh

∈ ∑
(M0, σ0, fθ),d½Â6�TXÚ1��

æ.

½½½nnn 4 ®�PN = 〈PN,M0〉÷v^�H1)–
H3)9ξ(w,M0,Post,Pre). �½*ÿiw∈L (w=
σo = tα1tα2 · · · tαh

),½ÂXeILPP2:

maxϕ(~σu1 , ~σu2 , · · · , ~σuh
) =

h∑
i=1

~σui
(τθ). (5)

éuτθ∈Tf ,eILPP2k)~σ∗u1
, ~σ∗u2

, · · · , ~σ∗uh
,¿�

ϕmax(~σu1 , ~σu2 , · · · , ~σuh
) = ϕmax = 0,KDES1�3

*ÿìw¥Ã�æ.

yyy b�éz� fθ ∈ ∆f , ILPP2�)~σ∗u1
, ~σ∗u2

,

· · · , ~σ∗uh
÷vϕmax(~σu1 , ~σu2 , · · · , ~σuh

) = ϕmax = 0,
d�kü«�/�Uu):

a) éz� fθ ∈ ∆f , ILPP2�)~σ∗ui
= 0(i = 1, 2,

· · · , h),=Ø�3�*ÿi��¿�¹C[τk ∈ Tf�

:»S�. Ïd,
∑

(M0, σ0) = Φ,d�XÚ1�3
*	iw¥Ã�æ;

b) é�
fθ ∈ ∆f , ILPP2�)~σ∗ui
6= 0(i ∈ {1, 2,

· · · , h})�∑
(M0, σ0) = Φ.duϕmax(~σu1 , ~σu2 , · · · ,

~σuh
) = ϕmax = 0,?éz�σui

∈σ∈∑
(M0, σ0)

Ñkσui
∈ T ∗nf . Ïd,XÚ1�Ã�æ.

da)–b)� ϕmax = 0�,XÚ1�Ã�æ.

½½½nnn 5 éuτθ ∈ Tf ,eϕmax > 0�ϕmin = 0,
KXÚ1��Uk�æ.

yyy �ϕmax > 0�ϕmin = 0�,d½n2��3
��÷vM0[σu1tα1〉M1 · · ·Mh−1[σuh

tαh
〉Mh�S

�σ = σu1tα1 · · ·σuh
tαh

∈ ∑
(M0, σ0),Ù¥~σui

(τθ)
= 0(i = 1, · · · , h);Ó��3��÷v

M0[σu1tα1〉M1 · · ·Mh−1[σuh
tαh
〉Mh

�S�σ=σu1tα1 · · ·σuh
tαh

∈∑
(M0, σ0, fθ),Ù¥

~σui
(τθ) 6=0(i=1, · · · , h). Ïd,XÚ1�3M0ew

�u)¥�Uk�æ.

4 ÄÄÄuuuGMECÚÚÚILP���333������æææ���äää���{{{
(Algorithm of online fault diagnosis based on
GMEC and ILP)
�âPetri�nØ!DES�Petri��.A�!2Â

p½�å½Â9�ê�55ynØ,JÑ
Xe¤«
�U?�ÄuGMECÚILP�POPNXÚ3��æ�
äì�{,�{·^u÷v^�H1)–H3),��d�

óL£ãd〈PN,M0〉�.z�DES.

Ñ\: M0,

PN = (P, T,Pre,Post), λ, To, Tu, Tf , Tnf .

ÑÑ: Φ

1. Ð©z�{Cþ.

w = ε, h = 0, ~σo ∈ N o, ~σ = ~0.

2. P¹¯�.

��,��#¯�e�*ÿ

e =: λ(t), w = wt, h = h + 1,

φ(M0, w) = ∅, ~σo(t) = ~σo(t) + 1, ~ϕmax
1 =: ~0.

3. ¦)ILPP.

For θ = 1 to F



z1 = max ϕ1(~σu1 , ~σu2 , · · · , ~σuh
),

z2 = min ϕ1(~σu1 , ~σu2 , · · · , ~σuh
),

s.t. ξ(w,M0,Post,Pre).

4. �ä(J�ä.

if z1 = 0 //XÚ1�Ã�æ

then set φ(M0, w) = N ;
else if z2 > 0 //XÚ�æ®u)

then set φ(M0, w) = φ(M0, w) ∪ {fθ};
else if z1 > 0 & z2 = 0 //XÚ�æ�U®u)

{
for pi ∈ ((#τθ)#)#, pj ∈#τθ, k ∈ N,

if m(pi) + m(pj) > k //Ø÷vGMECs

then set φ(M0, w) = φ(M0, w) ∪ {fGMEC};
else set φ(M0, w) = φ(M0, w) ∪ {N}

}
5. Go to 2.

ÚÚÚ½½½ 1 (@�{Ñ\�POPN�.�Ð©I£
M0, PN(�PN = (P, T ;Pre,Post)9DES��
*ÿ¯�,¿òPN(�¥C[y©�T = To ∪ Tu,
Tu = Tf ∪ Tnf ,(½C[IP¼êλ.

Ð©z�{¥Cþw, h, ~σo.

ÚÚÚ½½½ 2 P¹¯�¿��#¯�e�*ÿ. ew

(|w| = h)®�*ÿ,KÏLIP¼êλ��w = λ(σ)
�σo = tα1tα2 · · · tαh

= w ∈ σ(Ù¥tαi
∈ To, i = 1,

2, · · · , h). d	,½Â���ê�F��þ~ϕmax,éu
?¿fθ ∈ ∆f , ~ϕmax�åu�;ILPP2ù�8I¼ê
����.

ÚÚÚ½½½ 3 ¦)ILPP1ÚILPP2,=3�å^�ξ(w,

M0,Post,Pre)e¦�8I¼êz1 = max ϕ(~σu1 ,

~σu2 , · · · , ~σuh
), z2 = min ϕ(~σu1 , ~σu2 , · · · , ~σuh

)��
`).
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ÚÚÚ½½½ 4 �âÚ½3¥¦��)5�äXÚ1�
´ÄÑy�æ.

1) eéufθ, ILPP2k)~σ∗u1
, ~σ∗u2

, · · · , ~σ∗uh
,�z1

= maxϕ(~σu1 , ~σu2 , · · · , ~σuh
) = ϕmax = 0,KTXÚ

1�´Ã�æ�,�{��Φ(M0, w) = {N}.

2) eéufθ, ILPP1k)~σ∗u1
, ~σ∗u2

, · · · , ~σ∗uh
,�z2

= min ϕ(~σu1 , ~σu2 , · · · , ~σuh
) = ϕmin > 0,XÚ1�

u)�æ,�{��Φ(M0, w) = Φ(M0, w) ∪ {fθ}.

3) eéufθ, z1 > 0�z2 = 0,Ku�XÚ]´
Ä÷vª(2)���GMEC.e÷v,KXÚ1��U
k�æ,�{��Φ(M0, w) = Φ(M0, w) ∪ {N}. �
�,XÚ1��æ,�{��Φ(M0, w) = Φ(M0, w)
∪{fGMEC}.

ÚÚÚ½½½ 5 �£P¹¯�,�{a�Ú½2?1Ì
�O�,��vk#�¯��*ÿ.

5 ���©©©���{{{���©©©zzz[18]¥¥¥���{{{���'''���(Comp-
arison between the proposed algorithm and
the algorithm in [18])
�©JÑU?�ÄuGMEC�Ü©�*Petri�3

��æ�äìÓ©z[18]JÑ�3Petri�µeeÄ
u�ê�55y�3��æ�äì�',�©V\

2Âp½�å8Ü(L, k)éXÚ]?1�å,é©
z[18]¥�ä(J��Uk�æ��/�â2Âp½
�å^�?�Ú(@�æC[´Ä�:»,=é�U
k�æ��ä(J?1?�Ú(�,±ÏJpXÚ�
��ä5.

�
Bu©ÛU?��{`³,)ö©OJÑX
e��ä5�IÚØ��ä5�I.

½½½ÂÂÂ 7 ��ä5½Â�

diag(σ, tf) =
|Σ1(m, t)|+ |Σ2(m, t)|

|Σ(m, t)| ×100% , (6)

Ù¥diag(σ, tf)���ä5, |Σ(m, t)|��*C[S
�oê, |Σ1(m, t)|���äXÚÑy�æ��*C
[S�ê, |Σ2(m, t)|���äXÚÃ�æ��*C
[S�ê.

½½½ÂÂÂ 8 Ø��ä5½Â�

non diag(σ, tf) =
|Σ3(m, t)|
|Σ(m, t)| × 100% =

1− diag(σ, tf), (7)

Ù¥|Σ3(m, t)|���äXÚ�Uk�æ��*C[
S�ê.

¦^GMECéXÚ]?1�å,�yXÚé]
������I¦þ!XÚ�Ü©3]¿�¥Ã

+�¯K9éXÚ]�Ó^�ú²5. �XÚØ÷
vGMEC�,XÚ7,¬Ñy�æ.

�ÐÚ�ä(J��Uk�æ�,�âGMECé

XÚ?�Ú(��ä. 2Âp½�å���,k�/
Jp
XÚ���ä5.

6 ¢¢¢~~~©©©ÛÛÛ������yyy(Case study)
6.1 DES���POPNïïï���(DES modeled with POPN)
®�DES�Ü©�*Petri��.Xã1¤«,XÚ

Ð©I£M0 = [1 0 0 0 0 0 0 0 0]T,b�T�.
��*C[8To = {t1, t2, t3, t4},ÙØ�*C[8
Tu = {τ1, τ2, τ3, τ4, τ5, τ6},C[τ5, τ6©O�.zX

Ú�æf1, f2,�TDES�POPN�.¥¤kC[Ñ´
���, w = t1t3t1t2t4t1t2t1t3t4t1t3t1t4�XÚ*ÿ

i.

ã 1 DES�POPN�.

Fig. 1 The POPN model of a DES

�â½Â2¦�ã1¤«XÚPOPN�.�Ø�*
p�f�PNu ≺Tu PN ,Xã2¤«.

ã 2 POPN�.�Tu–p�f�

Fig. 2 The Tu–induced subnet of POPN model

dã2�,TPOPN�.Tu–p�f���±Ï�,
÷vb�^�H1)–H3),Ó�÷v�©�{Ú©z
[18]¥�{�¦^^�,�ü«�{�Ñ\�Ó.

éu�©ã1¤«3��æ�äì�{,�¢y
DES]+n,)ö��TDES�GMEC�m3 + m5

6 1,=L = [0 0 1 0 1 0 0 0 0], k = [1].
e¡©O¦^©z[18]Ú�©JÑ��{éã1

¤«�Ü©�*Petri�XÚ?13��æ�ä.

6.2 ©©©zzz[18]¥¥¥333������æææ���äää���äää(((JJJ(On-line
fault diagnosed result in [18])
�ã1¤«XÚ�¦^2Âp½�å5éTXÚ

]?1�å�,TDES�POPN�.3*ÿiw =
t1t3t1t2t4t1t2t1t3t4t1t3t1t4e¦^©z[18]¥Äu�
ê�55y�3��æ�ä�{L§?1$���

XL1¤«�3��æ�äì�ä(J.

�ä(JL²TXÚduØ�3�¹�*ÿì�

���æC[τk ∈ Tf�:»S�,Ïd,3c3�¯�
�*ÿ�L§¥XÚ1�Ã�æ.
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�#¯�P¹�*ÿiw = t1t3t1t2�,e:»S
�σ = t1τ1τ3t3t1τ1τ5t2�¦U,Kdu*ÿiwJø

���)º8¥�¹τ5,Ïd�{�äìûäÑ�
æf1®u);e:»S�σ = t1τ1τ3t3t1τ2t2�¦U,
KØ�3�¹�*ÿì����æC[τk ∈ Tf ,d�
XÚ1�Ã�æ;Ïd, w = t1t3t1t2�ä(J�XÚ

1��Uk�æ. *ÿiw�f*ÿiw′ = t1t3t1t4,
:»S���U´σ = t1τ1τ3t3t1τ6τ4t4,d�f*ÿ
iw′Jø���)º¥�¹τ6,�{�äì�äÑ�
æf2®u),Ïd

w= t1t3t1t2t4t1t2t1t3t4t1t3t1t4

�XÚ1��æ.

6.3 ���©©©���{{{���æææ���äää(((JJJ(Fault diagnosis result
by the proposed algorithm)

¦^U?�3��æ�ä�{?13��æ�ä,
�æ�ä(J�L1,TXÚduØ�3�¹�*ÿ
ì����æC[τk ∈ Tf�:»S�,Ïd,3c6
�¯��*ÿ�L§¥XÚ1�Ã�æ.

L 1 ©z[18]¥�{��©�{�æ�ä(J
Table 1 Fault diagnosis results with the algorithm in [18] and the proposed algorithm

©z[18]�{ �©�{
SÒ *ÿi w ϕmax ϕmin

Φ(M0, w) �ä(J Φ(M0, w) �ä(J

1 t1 0 0 {N} Ã�æ {N} Ã�æ

2 t1t3 0 0 {N} Ã�æ {N} Ã�æ

3 t1t3t1 0 0 {N} Ã�æ {N} Ã�æ

4 t1t3t1t2 0 0 {f1} ∪ {N} �U�æ {N} Ã�æ

5 t1t3t1t2t4 0 0 {f1} ∪ {N} �U�æ {N} Ã�æ

6 t1t3t1t2t4t1 0 0 {f1} ∪ {N} �U�æ {N} Ã�æ

7 t1t3t1t2t4t1t2 1 1 {f1} ∪ {N} �U�æ {f1} �æ

8 t1t3t1t2t4t1t2t1 1 1 {f1} ∪ {N} �U�æ {f1} �æ

9 t1t3t1t2t4t1t2t1t3 1 1 {f1} ∪ {N} �U�æ {f1} �æ

10 t1t3t1t2t4t1t2t1t3t4 1 1 {f1} ∪ {N} �U�æ {f1} �æ

11 t1t3t1t2t4t1t2t1t3t4t1 1 1 {f1} ∪ {N} �U�æ {f1} �æ

12 t1t3t1t2t4t1t2t1t3t4t1t3 1 1 {f1} ∪ {N} �U�æ {f1} �æ

13 t1t3t1t2t4t1t2t1t3t4t1t3t1 1 1 {f1} ∪ {N} �U�æ {f1} �æ

14 t1t3t1t2t4t1t2t1t3t4t1t3t1t4 2 2 {f2} �æ {f1, f2} �æ

dm3 + m5 6 1��m3 = 0½m3 = 1. *ÿi
�w = t1t3t1t2�,em3 = 0,=¥¤ p3¥Ø�¹

token,:»S�σ = t1τ1τ3t3t1τ2t2�:»,d�Ø
�3�¹�*ÿì����æC[τk ∈ Tf ,ÏdX
Ú1�Ã�æ;em3 = 1,=¥¤p3¥¹��token,
t2:»�cC[τ57:»,Ïdm3 = 1�*ÿi
w = t1t3t1t2éA:»S�σ = t1τ1τ3t3t1τ1τ5t2�

¦U,*ÿiwJø���)º8¥�¹τ5,�{�
äìûäÑ�æf1®u).

f*ÿiw′1 = t1t3t1t2t4�ä(J�Ã�æ,
f*ÿiw′2 = t1t2t1t3t4�ä(J��æ,ù´é
¥¤P3¥]¢�iÒ�Ñ��ä(J.

nþ,2Â�å^�m3 + m5 6 1�¦^¦�X
Ú1���Uk�æ��/��(��ä,Jp

XÚ���ä5.

6.4 üüü«««���{{{$$$111(((JJJ'''���(Comparison with the
proposed algorithm and the algorithm in [18])
L2��©�{�©z[18]��{��ä5'�

(J.L2¥,XÚ�*ÿ�Â14^C[S�,A^

©z[18]¥��{,�äÑXÚk1^®u)�æ�
�*C[S�!3^Ã�æ��*C[S�. Ó��
äÑk10^�*C[S��Ø(½�äG�. )ö
�±O�Ñ,��ä5� 28.6%,Ø��ä5�
71.4%. L2¥:

A = diag(σ, tf), B=non diag(σ, tf).

L 2 ©z[18]��©�{�ä(J��ä5'�
Table 2 Diagnosability comparison with algorithm

in [18] and the proposed algorithm

�{ |Σ1(m, t)| |Σ2(m, t)| |Σ3(m, t)| A B

©z[18] 1 3 10 28.6% 71.4%
�© 8 6 0 100% 0

A^U?��{,�äÑXÚk®u)�æ�
C[S�ê�8,Ã�æ�*C[ê�6. )ö�±
O�Ñ,��ä5�100%,Ø��ä5�0.

�©�{���ä5pu�{[18]���ä5,
2Âp½�å8Ü�V\,k��Jp
XÚ��
�ä5.



872 � � n Ø � A ^ 1 32ò

7 (((ØØØ(Conclusion)
�éyk�Ü©�*Petri�XÚ�3��æ�

äì�3�æ�äÇ�$�"�,�©JÑ
�ê
�55y�2Âp½�å8¤�Ü©�*Petri�
XÚ3��æ�äU?�{. b½Ü©�*Petri
�XÚ�(��Ð©I£�®�,�æ�ï��Ø
�*C[. ÏL*ÿ�Â¯�S�,¦)Ü©�*
Petri���ê�55y¯K,�{éXÚ��æ?
1ÐÚ�ä. ÐÚ�ä�Ø(½�ä��/,æ^
2Âp½�å��{?1�ä. l,�{��æ
�äÇ�±Jp.

GEMC��DESiÒ���¦,òXÚ]�
å¯K=z�GMEC¯K,éXÚ]?1¢�i
Ò��å,Uk�/JpXÚ���ä5.

ÏLlÑ¯�XÚ¢~©Û,æ^�©��{,
�æ�äÇwÍJp,�y
�{�k�5.

�5ïÄó�¥,)öòé�{�O��Çm
ÐïÄ, ILP¯K�E,5�6uCþ�ê8,I�
3�;ì¥�;�þØ�*p�f�. �{�O�
E,5I�ü$,O��ÇI�Jp.
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