
33 10

2016 10 Control Theory & Applications
Vol. 33 No. 10

Oct. 2016

DOI: 10.7641/CTA.2016.50907

1,2†, 1, 1, 2

(1. , 310027; 2. , 264025)

: Petri , . Petri ,

. . ,

. . ,

. . ,

. , .

: ; Petri ; ;

: TP278 : A

Application of selection of siphon basis to deadlock control of
manufacturing systems

LIU Hui-xia1,2†, WU Wei-min1, SU Hong-ye1, DING Hong2

(1. Institute of Cyber-Systems and Control, Zhejiang University, Hangzhou Zhejiang 310027, China;

2. School of Information and Electrical Engineering, Ludong University, Yantai Shandong 264025, China)

Abstract: Deadlock control problem of flexible manufacturing systems is addressed based on Petri net models. The

concept of siphon basis has been proposed to obtain a Petri net controller with small size in our previous work. Siphon

basis is a set of strict minimal siphons satisfying some specific conditions. However, it is verified that the performances of

controlled Petri nets based on different siphon basis are different in this paper. As is well known, behavior permissiveness

is one of the most important criteria in evaluating the performance of controlled Petri nets. It is significant to address how

to select siphon basis to improve the performance of controlled Petri nets. The condition under which the performance of

Petri net controllers can be largely improved is explored. Based on the condition, an efficient deadlock control policy for

flexible manufacturing systems is established. Finally, two examples are provided to demonstrate the proposed condition

and policy.
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1 (Introduction)
(flexible manufac-

turing systems, FMSs) . FMS

. FMS ,

, ,

, [1–3].

Petri FMS
[4]. Petri , 3 :

[5–6] [7–8] [9–16].

.

Petri

, [8–9].

Petri (siph-

on)[9–10, 13, 16–17].

, .

.

, [9] Petri S3PR

(systems of simple sequential processes with resources,

S3PR) , S3PR

. (strict

minimal siphons, SMSs) ,
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[9] S3PR . [10, 13]

. Petri

. [8]

, S3PR

. ,

[14, 15] , S3PR

. SMS,

[16] , S3PR

,

.

SMS

: SMS S,

ΞS( S ),

ΞS S ΞS

SMS S .

SMS ,

S3PR .

,

.

, ,

. SMS

, ,

. ,

.

2 (Preliminaries)
2.1 Petri (Petri nets)

1 [4] Petri N = (P,

T, F ), P T . P

, T , F ⊆ (P × T ) ∪ (T × P )

. Petri N = (P, T, F )

x ∈ P ∪ T , x x={y∈P∪ T |(y, x)
∈ F}, x ={y ∈ P ∪ T |(x, y) ∈ F}.

Petri

, ∀t ∈ T, |t | = | t| = 1, Petri

.

2 [4] N

M : P → N, N = {0, 1, 2, · · · }. p ∈
P M , M(p) M , p token

. S ⊆ P , M(S) M ,

S token , M(S)=∑
p∈S

M(p). M0 Petri N Petri

, (N,M0).
∑
p∈P

M(p)p

M .

3 [4] t∈T M , ∀
p ∈ t, M(p) > 0, M [t >. t M

, M ′, M [t > M ′,

: M ′(p) = M(p) − 1, ∀p ∈ t \t ; M ′(p) =
M(p) + 1, ∀p ∈ t \ t ;M ′(p) = M(p), ∀p ∈ P −
{ t\ t , t \ t}. α = t1t2 · · · tk M

, Mi[ti >Mi+1, ti ∈ T , i ∈
Nk = {1, 2, · · · , k}, M1 =M . Mi M

. R(N, M0) M0

N .

4 [4] ∀M ∈R(N,M0), ∃M ′ ∈ R(N,

M) M ′[t > , t .

, (N, M0) . M

t , t M .

5 [4] N [N ] :

[N ](P × T ) =

⎧⎪⎨
⎪⎩

−1, p ∈ t \ t ,

1, p ∈ t \ t,

0, .

6 [4] I : P → N P– ,

I �= 0 IT [N ] = 0T , I P– ,

‖I‖ = {p ∈ P |I(p) �= 0} I . S ⊆
P , S S

, S ⊆ S , S .

,

. P–

, . ,

SMS.

Π Petri SMS .

7 [4] Petri Ni = (Pi, Ti, Fi), i ∈
N2, P1 ∩P2 �= ∅ T1 ∩ T2 �= ∅, N1, N2

, Petri N1 ⊗ N2 =

(P, T, F ), : P = P1 ∪ P2, T = T1 ∪ T2, F = F1

∪ F2, N1 ⊗ N2 N1 N2 .

Petri (Ni, M0i) = (Pi, Ti, Fi, M0i) ,

∀p ∈ P1 ∩ P2, M01(p) =M02(p), i ∈ N2.

Petri (N1,M01) (N2, M02)

Petri (N1,M01) ⊗ (N2,M02) = (P, T, F, M0),

: (P, T, F ) = N1 ⊗ N2; M0(p) = M0i(p), ∀p ∈
Pi, i ∈ N2.

8 [4] Petri N = (P, T, F ) ,

. N

c = (x0, e1, x1, e2, x2,

· · · , xq−1, eq, xq), : xi ∈ P ∪ T , ek = (xk−1, xk)

∈ F , q c , x0 xq c .

. ,

, .

2.2 S3PR(S3PR)
9[9] S3PR Pe-

tri N = (P ∪ P0 ∪ PR, T, F ):
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1) P ∪ P0 ∪ PR : 1.1) P =
k⋃

i=1

Pi

, Pi ∩ Pj = ∅, i �= j; 1.2) P0

= {p10, p20, · · · , pk0} , k > 0; 1.3) PR

= {r1, r2, · · · , rn} , n > 0.

2) T =
k⋃

i=1

Ti , Ti ∩ Tj = ∅, i �= j.

3) ∀i ∈ Nk, Pi ∪ {pi0} Ti Ni

, Ni pi0.

4) ∀p ∈ P , ∀t1 ∈ p, ∀t2 ∈ p , t1∩PR = t2 ∩
PR = {r}. �(p) = r, p r.

5) ∀r∈PR, r ∩ P =r ∩ P �= ∅; r ∩ r =

∅; (P0) ∩ PR = (P0) ∩ PR = ∅.

S3PR S3PR: ∀p0 ∈ P0,

M0(p0) � 1; ∀p ∈ P, M0(p) = 0; ∀r ∈ PR, M0(r)

� 1, M0(r) r . S3PR

(N , M0) = (P ∪ P0 ∪ PR, T, F, M0). t ∈ T ,
(p)t t(p) t ( )

, (r)t t(r) t .

. , Y ⊂ T , (p)Y

=
⋃
t∈Y

(p)t, Y (p) =
⋃
t∈Y

t(p), (r)Y =
⋃
t∈Y

(r)t, Y (r) =
⋃
t∈Y

t(r).

.

r ∈ PR, H(r) = r ∩ P r

. . , Ψ ⊆ PR

, H(Ψ) =
⋃
r∈Ψ

H(r). S

SMS, SR = S ∩ PR, C[S] =H(SR)\S S .

N = (P ∪ P0 ∪ PR, T, F ) S3PR, x, y ∈ P ∪
T . N x y 1

P0 ∪ PR , N x y ,

x < y. x y , x y. Z ⊆ (P ∪
T ), ∀z ∈ Z , x < z, x Z ,

x < Z . , ∀z ∈ Z , x z, x Z

, x Z.

2.3 (Siphon basis)
10[16] Ξ ⊆Π S3PR(N,M0)

SMS . Ξ : ∀S ∈Π \Ξ ,

ΞS ⊆ Ξ

1) C[S] ⊆ ⋃
S′∈ΞS

C[S′];

2) M0(SR) > |ΞS|, |ΞS| ΞS .

Ξ (N,M0) , ΞS S

.

2.4 (Live controllers)
11[16] Ξ S3PR(N, M0)

, Petri (PΞ , TΞ , FΞ ,

MΞ0) Ξ Petri , (CΞ , MΞ0).

1) PΞ = {pS, S ∈ Ξ|pS S };

2) FΞ = FΞ1 ∪ FΞ2 ∪ FΞ3, :

FΞ1 =
⋃

S∈Ξ

{(pS, t)|t ∈ X, t < X},

X =
⋃

S∈Ξ

C[S],

FΞ2 = {(t, pS)|t ∈ C[S] , t ≮ C[S]},
FΞ3={(t, pS)|t ≮ C[S], ∃t1∈((p)t) , t1<C[S]};

3) TΞ =
⋃

S∈Ξ

(pS ∪ pS);

4) MΞ0(pS) = M0(SR)− ξS, ξS 1

M0(SR) −1 , .

12[16] S3PR(N, M0) = (P ∪ P0

∪ PR, T , F , M0), Ξ , (CΞ , MΞ0)

Ξ Petri . (NCΞ , MCΞ0) = (N,M0)

⊗ (CΞ , MΞ0) = (P ∪ P0 ∪ PR ∪ PΞ , T, F ∪ FΞ ,

MCΞ0) Ξ , MCΞ0(p) =M0(p),

∀p ∈ P ∪ P0 ∪ PR; MCΞ0(p) =MΞ0(p), ∀p ∈ PΞ .

Ξ S3PR(N,M0) , S ∈Π\Ξ .

� = {p ∈ C[S] | ∃S1, S2 ∈ Ξ, S1 �= S2, (H(�(p))
∩ C[S])⊆ (C[S1] ∩ C[S2])}, ϑ= {�(p)|p ∈ �}, KS

=
∑
r∈ϑ

M0(r).

11 , Ξ SMS

. , Ξ SMS S′

ξS . ξS
(integer linear programming, ILP) :

min
∑
S∈Ξ

ξS, (1)

s.t. 1 � ξS � M0(SR)− 1,∑
S∈ΞS′

ξS �
∑

S∈ΞS′
M0(SR)−M0(S

′
R)−KS′+1,

ΞS′ S′ .

ILP(1) , ξS S′ (NCΞ ,MCΞ0)

. S′

, 1. , ξS
, (NCΞ ,MCΞ0) ,

, (NCΞ ,MCΞ0)

. ,

, ( ) ( ).

1[16] Ξ S3PR(N,M0)

, (NCΞ ,MCΞ0) Ξ , (NCΞ ,

MCΞ0) .

3
(Deadlock prevention based on selective con-

dition of siphon basis)
3.1 (Selective condition)

[16] , S3PR .

.
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1 1 S3PR (N,M0) 3 SMS:

S1 = {p12, p23, r1, r2}, S2 = {p13, p22, r2, r3}, S3 =

{p13, p23, r1, r2, r3}. Ξ1 = {S1, S2}, Ξ2 = {S2,

S3}, Ξ1 Ξ2 (N,M0) .

1 S3PR (N,M0)

Fig. 1 A marked S3PR (N,M0)

Ξ1 Ξ2 Petri :

11, S1, S2 pS1, pS2,

ξS1, ξS2. ILP(1)

ξS1 = 1, ξS2 = 1. (NCΞ1,

MCΞ1) 2 . , Ξ2

(NCΞ2, MCΞ2) 3 .

2 Ξ1 (NCΞ1,MCΞ1)

Fig. 2 Controlled Petri net (NCΞ1,MCΞ1) based on Ξ1

3 Ξ2 (NCΞ2,MCΞ2)

Fig. 3 Controlled Petri net (NCΞ2,MCΞ2) based on Ξ2

, (NCΞ1, MCΞ1) 103

, (NCΞ2, MCΞ2) 90 .

: (NCΞ1, MCΞ1) (NCΞ2,

MCΞ2) .

1 , ,

. ,

?

[16] .

SMS Ξ , [16] 1 Ξ

10 1). Ξ 10 2),

[16] 2 Ξ SMS.

, . : ∀S
�∈ Ξ , Ξ S 10 2)

, ΞS⊆Ξ , C[S ⊆ ⋃
S′∈ΞS

C[S′]. ∀S′ ∈ ΞS, S′′ = S ⊗ S′, Ξ := (Ξ \ {S′})∪
{S′′}.

,

. Ξ1 S3PR (N,M0) ,

∀S0, S1inΞ1, S0R ∩ S1R �= ∅. S2=S0⊗S1, Ξ2

= (Ξ1 \ {S1}) ∪ {S2}, Ξ2 Ξ1

SMS . [16] , Ξ2 (N,M0)

. Ξ1 Ξ2

.

,

, .

min
∑

S∈Ξi

ξS(i ∈ N2)

. , .

Ξ1 Ξ2 SMS ,

ξS1, ξS2, ξS (S ∈ Ξ1 ∩ Ξ2), ξS1, ξS2
ξS S1, S2 S . ILP(1) ,

Ξ1 (NCΞ1,MCΞ1)

(ILP1):

min
∑

S∈Ξ1\{S1}
ξS + ξS1,

s.t. 1 � ξS � M0(SR)− 1, (2)

1 � ξS1 � M0(S1R)− 1, (3)
∑

S∈Ξ1S′
ξS �

∑
S∈Ξ1S′

M0(SR)−M0(S
′
R)−

K1S′ + 1 (S′ ∈ Π \ (Ξ1 ∪ Ξ2)),

(4)∑
S∈ΞS2

ξS �
∑

S∈ΞS2

M0(SR)−M0(S2R)−KS2+1,

(5)

: S′ ∈ Π \Ξ1 Ξ1S′ S′ Ξ1

, ΞS2 S2 Ξ1 .

Ξ2 (NCΞ2,MCΞ2)

(ILP2):
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min
∑

S∈Ξ2\{S2}
ξS + ξS2,

s.t. 1 � ξS � M0(SR)− 1, (6)

1 � ξS2 � M0(S2R)− 1, (7)
∑

S∈Ξ2S′
ξS �

∑
S∈Ξ2S′

M0(SR)−M0(S
′
R)−

K2S′ + 1 (S′ ∈ Π \ (Ξ1 ∪ Ξ2)),

(8)

ξS2 � M0(S2R)−M0(S1R) + 1, (9)

S′∈Π\Ξ2 Ξ2S′ S′ Ξ2 .

C[S′]∩C[S1] = ∅, S1 �∈ Ξ1S′ . C[S1]

⊆ C[S2], S2 �∈ Ξ2S′ , Ξ1S′ = Ξ2S′ .

(4) (8) , ILP1 ILP2 .

C[S′] ∩ C[S1] �= ∅ S′,
S1∈Ξ1S′ , S2∈Ξ2S′ . M0(S2R)−K2S′�M0(S1R)

−K1S′ , (4)

(8) . ,

(NCΞ1, MCΞ1) (NCΞ2, MCΞ2)

, (5) (9).

2 (N, M0) S3PR, Ξ1, Ξ2

(N,M0) , Ξ2 = (Ξ1 \ {S1})∪
{S2}, S2=S0⊗S1, S0, S1∈Ξ1 S0R∩S1R �=∅.

Ξ1, Ξ2 SMS , (N, M0)

(NCΞ1, MCΞ1) (NCΞ2, MCΞ2).∑
S∈ΞS2

M0(SR)−KS2 � 2M0(S2R)−M0(S1R),

(10)

(NCΞ1,MCΞ1) (NCΞ2, MCΞ2)

.

, (NCΞ1,MCΞ1) (NCΞ2,

MCΞ2) ILP1 ILP2 .

ILP1 ILP2 (4)–(5)

(8)–(9) , (4)(8)

S′ C[S′] ∩ C[S1] �= ∅. , (4)

(8) .

,
∑

S∈ΞS2

M0(SR)−KS2�2M0(S2R)−M0(S1R)

∑
S∈ΞS2

M0(SR)−M0(S2R)−KS2�M0(S2R)−M0(S1R).

(5) (9) , (5)

(9)

. ILP1 ILP2

. . .

(10) .

S2 = S0 ⊗ S1, [16] 2 , C[S0] ∪
C[S1] ⊆ C[S2], {S1, S2} ⊆ ΞS2. ΞS2 = {S1,

S2} , :

1 k = M0(S0R ∩ S1R), ΞS2 = {S1, S2},

2 .

2k � M0(S0R) +KS2 (11)

, (NCΞ1, MCΞ1) (NCΞ2, MCΞ2)

.

S2 = S0 ⊗ S1,

k = M0(S0R∩S1R) =

M0(S0R) +M0(S1R)−M0(S2R).

2k � M0(S0R) +KS2,

2(M0(S0R) +M0(S1R)−M0(S2R)) �
M0(S0R) +KS2,

M0(S0R) +M0(S1R)−M0(S2R)−KS2 �
M0(S0R)− (M0(S0R) +M0(S1R)−M0(S2R)).

M0(S0R)+M0(S1R)−KS2�2M0(S2R)−M0(S1R).

ΞS2 = {S1, S2},
∑

S∈ΞS2

M0(SR) = M0(S0R)+

M0(S1R), (10) . 2 , .

.

1 , C[S3] = C[S1]∪C[S2], S3 Ξ1

ΞS3
= {S1, S2}. M0(r2) =

1, KS3 = 0, M0(S2R) = 4, 2k = 2M0(r2) <

M0(S2R) +KS3. 1, (NCΞ1,MCΞ1)

(NCΞ2,MCΞ2) .

3 (NCΞ2,MCΞ2) ,

pS2 , (NCΞ2,MCΞ2)

, pS3
. , 2 Ξ2 , S0, S2 ∈

Ξ2 C[S0] ⊆ C[S2]. ILP2 , S0 .

Ξ2 S0

. Ξ2 Ξ2 \ {S0}
. Ξ2 \ {S0}

. 1 , Ξ2 = {S2, S3}
{S3} .

.

3.2 (Deadlock

prevention policy based on selective condition)
2 1,

.

CSB S3PR(N,M0).

1 [16] (N,M0)

Ξ , Ξ = {S1, S2, · · · , Sn};

2 n = 1, 3 ; ,

:

for i = 1, i++; i < n do



1350 33

Let S′ = Si ⊗Si+1 and ki = M0(SiR ∩Si+1R);

if ki �= 0 and C[S′] = C[SiR] ∪ C[Si+1R], then

compute KS′ ;

if 2ki � min{M0(SiR) +KS′ ,M0(Si+1R) +

KS′}, then

Ξ = Ξ;

continue;

else

Si := S′;

Ξ := Ξ \ {Si+1};

end if

end if

end for

3 Ξ;

4 11, (N,M0) Ξ Pe-

tri (CΞ ,MΞ0).

[16] , Ξ

SMSS S′ ⊗ , C[S ⊗ S′]
= C[S] ∪ C[S′]. 2 C[S′] = C[SiR] ∪
C[Si+1R] . 2

1 (11). (11), Ξ

, Ξ . , S′

Si, ,

, . ,

3 Ξ Petri (CΞ ,MΞ0)

, .

4 (Examples)
2 4 S 3PR (N,M0) 3 SMS

S1 = {r2, r3, r4, p6, p8, p10}, S2 = {r2, r4, r5, p3, p6,
p10}, S3 = {r2, r3, r4, r5, p6, p10}.

4 S3PR (N,M0)

Fig. 4 A marked S3PR (N,M0)

S1R ∩ S2R={r2, r4}, k=2, CSB

Ξ={S1, S2}. Ξ , 4 (N,

M0) Petri , 5 (NCΞ ,

MCΞ0). 192, (N,

M0) SMS

.

5 Ξ (NCΞ ,MCΞ0)

Fig. 5 Controlled Petri net (NCΞ ,MCΞ0) based on Ξ

3 4 , M0(r2) = M0(r4) = 2,

M0(r3) = M0(r5) = 1, r1 .

CSB, Ξ ′ = {S3}. Ξ ′,
6 (NCΞ′ ,MCΞ′0), 648

, (N,M0) SMS

. {S1, S2}
, 633 .

6 Ξ′ (NCΞ′ ,MCΞ′0)

Fig. 6 Controlled Petri net (NCΞ′ ,MCΞ′0) based on Ξ′

4 (N, M0) 1 [13], Π

={S1, S2, S3}. [13], Si 1
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, i ∈ N3, 7 (NCΠ ,MCΠ0).

564 .

, (NCΞ′ ,MCΞ′0) (NCΠ ,MCΠ0) ,

, .

7 Π (NCΠ ,MCΠ0)

Fig. 7 Controlled Petri net (NCΠ ,MCΠ0) based on Π

5 (Conclusions)
,

.

Petri , ,

.

, .

SMS ,

. ,

Petri ,

. ,

.
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