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Deadlock Avoidance Policies of Concurrent Process for Petri Net
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Abstract : Deadlock is a unique error in concurrent process. Due to the uncertainty of the occurrence, it is difficult to detect and eliminate
the deadlock. Building on recent results regarding optimal supervisor design with branch & bound methods, an integrated modeling ap-
proach is proposed that can be used to derive a minimal supervisor guaranteeing the attainment of an arbitrary set of static and behavioral
specifications in a maximally permissive way. This method prunes the reachability graph by the analysis of graph,to ensure the separation
of legal markings and illegal markings,and builds the mixed integer linear programming to obtain generalized mutual exclusion constraints
as the optimal supervisor. The system model of FMS is built with Petri Net. Based on the occupation and release of resource in the machi-
ning process,research is made on application in robot processing system. The optimal supervisors generating from the algorithm show
stricter constrains and more simplified model, achieving deadlock avoidance policy, which have proved the effectiveness of this method.

Key words: Petri Nets; supervisors ; deadlock avoidance ; generalized mutual exclusion constraints

0 3] & Petri. 11—l - Jilidk B I, 0 A AR L AR

IR TR A SRR TR s PR TR BN T s R GRS b, R
SRR NI, B A S A RGN TR, A RYIREE Tk A A RS VSRR AR AR T A R G
T R G A IR AT S Ak e deEase . PRSI o Ak G SR S el YA g ] T PR

KAz B RWKE, gy WREORA GRS MILBRESIE &, k4R
AT HE SR e BE BRSNS R 1E | BE BT I = Fb TS B AR ) M B R AT VAT 1Y Petri IIAE 4% o

Sk BRI L o O TR S SR £ 95 S R
Y7 B A :2015-01-20 &5 5 #3:2015-06-10 ) 2& 4 R A 18] :2016-09-18

HEWE . [WHE HARAE S BT H (60674100) 5 B 5UHLAS il R K2 L 0% B0 H ( NS2010069 )

YEE A AT (1990-) , 53, 058 A BRSE 7 1) A T el s VR 1 W9 A 0 SE A5 13, B9 T 1) S AR AR TR
GIRCINE

P £& AR Ik : http ; //www. enki. net/kems/detail /61. 1450. TP. 20160918. 1707. 002. html



<6 - HRHLE AR S LR

06 &

T AT A0 SCTR PP B A7 6T . SRR [ 1 ] am g A R TR 4
Fic 22 455 VI RH G A 175 o il 2 ol 28 , 1L ot 5 o0 P
SEFEECEIE A A 15 A BT A A IV Y Petri 19X 45 1 2%
TEZEME Bad TA2 4 SCHR 2 ] o A i R 5 R i 7
TRBETT AR  EL TRV L AR J 4 7 2 0l A 5 45 1
A REAIBT I B AFTEAT A BRI il 2 . Bk, BT[]
Ao ELA e R T 1 B A ke A 1) W A A% AR Lo
%%, Cordone %77 2 Y T — Bl R W4 28 1% 11y
WL BT SCH R A0 AR T AR A A B ik BR IR
Sl ZAFHE A8 S B, a0 o 3 B A R D
YN R GARR

SCHR DR T WS AR T T TP AR Rk S 1 [R) R R
PR S AR EBARZE S . W T Petri AT IAE,
Bl IR EE Ay M A AR TR € R i AR I fl & AT IR Y T
BRI u . A RRORIE T O F 4 e FrbE Ry € Bk
KV, A5 A RN BE BIRE G0 S5 A7 R . RSB B4
T AT AR AT AR AT AR A 1 e A A AR AR A
A FAR AR Hh 4 R 0 A — T M
o a4y 30 Sk H ST TR AR U i —
AR UE T A W s B i e A M RN S5 R Y TR i M

1 Petri M5 X ERFRARK S 2K EH
1.1 Petri MERM

E X 1:PN=(P,T,Pre,Post,m,) } Petri % ( Pe-
tri Net, PN), Hih, P = (P ,P,,--- P | B NJEP
(place) 5 ; T=1{T,,T,, -, T,} FNAT (transition)
45 PN T=C; Pre,Post e N"" 5y A% 4
M, m, e N™ EWAA R, N ZE 7,
Pre, Post /1% Petri W (4 )22 B 28 1 18] A 4 Fh 454 12

E X 2 AF Petri MAYARIE M T, USRI T4 R,
e RGREATT WA, WFK R, A TFEBLRA, M 9
FRRBEBAR e M,

(1) R, P r ARSI, B M(p,)=0,reR, .

(2) A S H R, B IR A BRI AE S R, L
TR BT, BIXS T4 p, e {p, | R(p,) € R,,M(p,)
>0} fF7E"(p," )r e {p, I reR,l,
1.2 Petri ME1TARE

Petri [ 3 4t ' Pre, [Post, ;1 RN p, [z, #
1, Ip, 1 BOAT ] IALER,  2R W 22 ) AT 1) 9, IR A4
B HO0, FMFE C =Post — Pre 4L T 6/ B3R AY
HMFEMEE . FRiRm i m o T B AR .

Wik e THEARH m T 2MRER Y HAY m =
Pre e, , P e, J& R " ALARZS A T A5 j AN mlhE, G2k
miy) A o BATFEAR P m KRR m = m +

7

Ce, . JHSHAREL I F I m, 7T 3k bR SRR 2 W]

K ESCH RN, m)  AERG = (v 4 2
BRI, V=RWNm) ZTHEAC G xy 2
A g4, Wi AR R hA —> T 5 Pewi W48 1T
FHIE

A ] 1 5 322 308 3 2 B R I B AT A
RS AT U S — N I B AR, YA AR T
B G, 58 % 8 o i A AR A )
il 2 (5,4 N RG [ — A5 % 38 43 i, 40 2R
|S|= 2,4 Petri W FEAT 2 ECE 1Y A8 5T 45 T #R AR
WSS, RN T m, e S,m, € V\S, RFAELE
W Cm, ,m,) e A B2 (S,4) J 2 i i 3% 0 4y it
|S|=1 Ry ATIR R A2 i i (S,A,) J&2— - FEa

25 1, Petri [ JCHE A ] JIr A5 58 14 38 o AR AT T 4% K
T 13k,
1.3 WHEARIRAY S ZE R R

I~ X H & 29 ( Generalized Mutual Exclusion Con-
straints, GMEC) &/- K (1,5 ,(HH, 1e N" b e N |
A AV M) = ix e N"|['x < b} MK,

T XCEIRAH (L by MAVRERIH ML p) =0
Mapp &, Hw L= uln,-, 101"b =
[b,,b,,+,b,1"

S m, e MC(L,p) JFA—AH n, A W4 PEFT
I WA 28 T ABIAT bR 24 o sk 8 W A T 3 e
HHEFE C, = - LC S5174EH) Petri FAS M1 IF i my,
=b — Lm, vric, Bt a0 1k 2 8ok AT =
GMEC BT ki, IR R R SLVFRY . & (3 C
€ C RN,mp FFBEFTE—H] XEJFAKE
(L,p) PRIE € C M(L,p) ,M(L b AL EHAEE AT A
R, IR MHEes (L p) T €

I AR R € BRI Petri 4 AT 1% 45 14 7] A
AT AT A, P RRET=T UT, ,
T.NT, =, Hi, T, RAWHEATES (B
W), TR AR TR S (FALARR) 4000 5 AR AT 45 A
QEGE 2L P

EX 3 Petri N |, T # O € XN AT
BTN, R N AR AR S T

EX AR U RN, ,m) © € RTHIRPR m,
MFRIC Petri X N 1G5 AR IREE € C© N ™ 247 Rl 45
i, N, R N R ATE N

53— 7 T, ARBAAS EAR R, AT DUE 2 R A
FAA A M S T IR T € AR AR R ATk,
M2 € ST

UNSAT — 2 T T E T ) ¢ A I L4 2 T J e



11

JEI L 53 45« Petri [0 5 HE AR ) SEADLE G S -7

TCH, AR RE AR ¢ v LA AT Petri 9 5 45 45 2K
1k, PG, R Tt Petri W 4R A TAT Ry T 8 A 0k
FRIRAE WA FAE 32 ] 2 o A 6% B 28 F AR 5T (9 ] 5K
B, A2 ik G DA A2 i 22 FIr B80S ] 4 A8 SR 1 A 1] 9K, 75
YU 598 R LA 3 A A AR ST A RE

—HT X EFRAR (L,p) FLE T — LMk
ML b EPRR IR B ok . SR PR
ZAERGT  AEE S w v LR R A AR iR4E ¢ g o
FAFHAT LA,

EH X HEFRPRRE LA, P, & LAAL,
BHMY AR m e u it m e P, I fFAELNE
YA LR w

GYES LR w DR M4y 25 38 T LLE i SRR AR
BRlEkEG uMEETHE w, ,i=1,2,-,n, i1
BT EIIEAE— D8 w, AL W) X HIRAR,
RS u WA T 35 0T LB I 4 30 Uk T R S8
itk

2 ETF GMEC KI5k 5 R Bg

H T HAF—AAETURBAL I ARIE AL 7 fe /N
P4 P AEIA T 24 R0 W s 2 e A SR T A R AR 1 B A
Wi dE G PN A R FE P 25 B

(1) B AR € FIBLAURIRAE v, St n]iAPE
ST RS € A w  BEBR U T LUE i — AR AT
fil e DN € WTIR Y SR AR R SEAR IR K JE A B
ESdNE | PR T

(2) SRIRLNE N (L k) B u € 238 3k
YAEE i A ¢ S M(L,k) IFHM(L,k) Nu=3=> %5
AR RR VP AN A B S B R WS oI E B RN ) BT
AL
2.1 EHRIRESEH

EPE 20 Petri W (N,m,) ,RG = (V,A) iV
=R(N,m,) , FHE—H]" XHFAHE (L,k), T
R(N,my) N M(L,k) HARERES m,. V" Hik
PR, H e .

(1) m € R(N,m,) N M(L,k) ,m =m, 8{341E0]
KK FAETE— N my, B om0 B R ERAR HA  A
#HET v

(2) Am' e V' \im} fif8 (m,m") e A

(3) Ve, ¢ T, fFtEm' ,m e V' (i (m' ,m")
e A,h(m' ,m' )=t JEATIKIE FAFAE—Dm B m (1)
FLAEAR A ARE T VT

(4) Vm' ¢ V' f#if (mm') € A,h(m,m) €
T.,T, CTRn#HARTE,

WMRES V' R MR A ZR M52

S 1B O A | R S T VA% S S WA R R e
Ktw,

HIRES €A o PR SEE 13TS,

1,

A :m,,PN=(P,T,Pre,Post) ;

Bt €u

(DR EE AR, V = {m} LA =0,

(2) F s i vl 35 . RG "= (V' ,A) . #5 Vm
eV ,Vie T,“ﬁ/@m[ﬁm' ,,ﬁ\:m' e M(L k) N
BHA =AU {(mm)}| ;#&m ¢V WEKEV =V U
fm'}

(3) MRAE FT 2R AT R B, B R BT R F AR iR
FAHKIRATE RG 7

DA J& T4 SCCARB MR ST 1,

QML ER N m, It e T,,m ¢ V #&Bik L.
m(tym SHEEAREm , AREfEm e V{15 (m',m)
cA .

TS TS R BRI IR A T AR T
A ST ERS R ARSI AE 35 35 S AT — 17 A AL
RS FEXA R e s B AER 20 R
7 AR =Z ] 25 PR A A — R 8 sk 2D B 52 ) (] B
FEHURAS WS HAE T m EUETRR RG 2T
RG" =(V",A") ,

2.2 Petri WEESRIEIT

CVH Petri B (N, m,) %5 HGIEES € MILBER
WES u A B A B XA T4, il
L1 AT € Fw , NS 0 B X S SR Atk

SRR LR
A 15 G YR A BRI AN 2 5 (MIp)
Max 2 0, (1)
Vie lylie+p-(y,-1) <l-x-k<p-y,
(2)
V(€u) eW2-0,<vy, -v,+1 (3)
Vie [1,2,-nl:.0<l[i]<1ANO<k<1
(4)
Y..0, € 10,1} (5)
Vie Jy:dlj1 =0 AN Yje J,:0[j] =L ] A
k=k (6)

FHOC SRR e LANF

Jo SRASZS W) 2 B4

Jo o Jp =L\

V, AR |, | 4

I J, hocRm =08 v, BN,

e B R EBIEETO0);

p RGN T B IS (R 5



8- HRHLE AR S LR

06 &

0, 3y [i] 5y, [i] RERSHHEAY
y.[il=0Awy,[i]=11F,6, =1,

k2.

BMIN:C,u,ep;

. (LK) .

(D) BT IE AR &

W=~€xu,i=0

Jo=L,,J, =

(2) 3B BRAEEAR IR

while W # ¢ do

1=1i+1;

forall {j1 V(€,u) € W:€[j] = u[j]} do

T, FREER

end for

$5 WP ITEEEITAE V,

S=1{€1 (£,u) € Wi

U=1{ul (€,u) € W}

y=SUU

HWAHIA W,y & Flp fIRG SRR ERX
(1) ~ (5) MRS (L'G,. ) K [i]) 5

it X (6) i (L'(i,. ) k' [i]) WE (L(i,.),
k[i]) s

MW MRS { (€u) € W16, =11 ;

end while

(3)i[l (L,k)

M8 2, T AR AS AT B BB R Ar R AR (L,
k) Rp

L-X<k (7)

3 SLBIERIE

A SRALAR AN TR GEAE [ 3l A U e 47 36 oA
HERE T RAF AR AN T 45 AR G 5 A ) A, 20
RGP RIS IR o SCrP LT /DN M A e 4R A
AT SR ikl G LB /N B R R )T SCHL R AR
A, LA s RGBT,

1 g—A T =2 TR RSN &8 A 1Fn T

P 2 P20(03)

pulizs) to ps ho po tn

Bl AYEHEAIML A% PN AR

RGN Petri MIFLR

ERGAE T WAL A R, R R, , HAEAL
N AT R P A B = A TR, 53408 ALK
M, ~ M, ELAE BRI T B = A T R %
FIGH =AM AZRAT Input, ~ Input, (i, ~ i), =i
H AT Output, ~ Output,( 0, ~ 0,), EIMTREASKE =
FINTE,HE—KTIF(P): RAETAF PG R EE
M, BT ek v, kbPRSE R R, BRI M, BT Bk M,
WERSS B R, BB M, BN R o, i 5 5%
TR (P : T Py iy 388 ARUGESHUR My M,
M, J5JG MK o, Bt 355 =4 TDIF (P LAk Py G,
A, MUK M, I RS R, TR o, HIZK,

AT I T A TR I e g R IR (R,
R)FI( M, ~ M), Hi 2 FBICBURSM ™A, 0%
FrbriRdE M(p,) M p, o

RIEHLES A R, I R, (%8 2 nI 15 1

Pyt =<2Vp,+p, <2 (8)
Dy + P, ¥ Dy Py +Ps =3 9)
FRAEVEU M, ~ M, (75 BRSO 11

PP <2Vop+ps =<2 (10)
Pyt P Py <2 (11)
Pyt Py P =3 (12)
Dy +D; +Dg +Pyp TP =3 (13)

SRR AE B BEAVUCIR A T 253 D7 T kAR IR, Sl bR 48
IR A P BA SRR S AR I, S E A
1 AT PE TR MR AT A BRI, A i I 20 5 (8 ) ~
(10) FARIABD A AT A bR IR, i 3 vT ik 0 Hr A 67 800
PRI SRR R B & T & 35 An ORI B TE B
WA R AR AR OE A R A F P 8 fil K S AR
BOLYURAE R KA . WIS 158 =0 AT AT 2 AU
BRAE AR IS BURR R B 73 5

WA AR RS A 10 525 A EAR A AT ik
0, u=R(N,m)\€ M HEB AR LA IRESA
57 275 R,

FRPE B 2 DK A B8 Y BRI A sR A e 1 R 28
PERLRI B RINE J b FELI

2p, +2p, +2p, +py +p, <4 (14)

2p, + Py Py F P P =5 (15)

ALY (14) ((15) ATAGEE &) 2 B 7 B FE 30 M 45
v LA AFIBIL IR G 82 BT A 1 11y, 42 ) 2 T ey v
Vo AL, 2555 50k 4 RS, D3 AN BRI 10 A
R,

AR FSCHR [ 1] i S T LU N 25 4590H S
AN T, OF AR AT RS 50z 31 T AR B
HA 6 552 NA PR WA SO IEHE 28 R, i 1 ik
FES AT FEAREAR RSB AR 1k S oIR8 1 e e



11

JEI L 53 45« Petri [0 5 HE AR ) SEADLE G S +9-

AR I8 Sk TSRS RO 2 k1 PR,

pulis) o ps to

Po o pio o D20(03)

Pis(o1)

E 2 PNisH BER

A1 R ILA

Eena Pl SCHR[ 1)k S
il FEE BT A4 5 2
AIMERA% 25 10
BEREEL 6552 10 525

SCHR M A A AR S DAL Bk G Y [R) B, SUORAIE T %%
TR ERRF

4 HFRiF

S AR TS AN T 28 55 i 9 3E B R A
P —FPIE T SCH R S B 19 Petri 19 (1) BE 4 ikt
M DX T R LR R D RS A T
Gy 3R e o R P A E SR IR B A T ST BT T
REMZEL A M WAIR T 35 1 I S 2 B2 I T Peri [9 (19
BEA B S A P R AP, RIS, SR M S B T
RPFEBURZS B9A8 1E , b SR B bR B A AR B
545 —SE BB, W25 0 7 kB B 00, 2R 8 TU A AT IR A7
6, BT AT TE L5 A 40 A 2 i S B2 £ 24
T, LA/ NTUA B B A 7

B3k

(1] #AEE 2ER, FLR IETERIE MRS Rtk
BRI SR [)]. 55,2006 ,21 (12) :1343-1348.

[2] D45t Petri FIAY—5E LRI RIEHY IR & B G R 00
Beit[J]. B, 2008 ,31(2) :291-298.

[3] Cordone R, Piroddi L. Parsimonious monitor control of Petri
net models of FMS[ J]. IEEE Transitions on System,Man ,and
Cybernetics Part A :Systems and Humans,2013,43(1) :215-
221.

[4] Chen Y F,Li Z W,Khalgui M, et al. Design of a maximally
permissive liveness—enforcing Petri net supervisor for flexible
manufacturing systems[ J]. IEEE Transactions on Automation

Science and Engineering,2011,8(2) :374-393.

(5]

[6]

[7]

[8]

[11]

[12]

[13]

[14]

[15]

[16]

Nazeem A, Reveliotis S. Designing compact and maximally
permissive deadlock avoidance policies for complex resource
allocation systems through classification theory : the nonlinear
case[ J]. IEEE Transactions on Automatic Control,2012,57
(7):1670-1684.

Nazeem A ,Reveliotis S, Wang Y, et al. Designing compact and
maximally permissive deadlock avoidance policies for complex
resource allocation systems through classification theory; the
linear case [ J]. IEEE Transactions on Automatic Control,
2011,56(8) .1818-1833.

Basile F, Cordone R, Piroddi L. Integrated design of optimal
supervisors for the enforcement of static and behavioral speci-
fications in Petri net models[ J]. Automatic,2013,49.3432 -
3439.

Nazeem A, Reveliotis S, Wang Y, et al. Optimal deadlock a-
voidance for complex resource allocation systems through clas-
sification theory[ C ]//Proc of 10th international workshop on
discrete event systems. [s.1. ]:[s. n. ],2010:277-284.
Nazeem A, Reveliotis S. A practical approach to the design of
maximally permissive liveness—enforcing supervisors for com-
plex resource allocation systems[ C]//Proc of 6th IEEE con-
ference on automation science and engineering. [ s. 1. ]:
IEEE,2010.451-458.
Reveliotis S, Ferreira P. Deadlock avoidance policies for auto-
mated manufacturing cells[ J]. IEEE Transactions on Robotics
& Automation, 1996 ,12(6) :845-857.

Banaszak Z A, Krogh B H. Deadlock avoidance in flexible
manufacturing systems with concurrently competing process
flows[ J ]. IEEE Transactions on Robotics and Automation,
1990,6(6) :724-734.
Zhang Y Y,Yan G F. Synthesis of Petri net supervisors enfor-
cing general constraints[ J]. Journal of Zhejiang University,
2006,7(4) :623-628.
Ghaffari A,Rezg N, Xie X. Design of a live and maximally per-
missive Petri net controller using the theory of regions [ J].
IEEE Transaction on Robotics and Automation,2003,19(1) .
137-141.

Moody J O, Antsaklis P J. Petri net supervisors for DES with
uncontrollable and unobservable transitions [ J ]. IEEE Trans-
actions on Automatic Control,2000,45(3) :462-476.

Murata T. Petri nets : properties , analysis and application[ J].
Proceddings of the IEEE,1989,77(4) :541-580.
Valdes R A,Martinez A, Tamarit M. A branch & bound algo-
rithm for cutting and packing irregularly shaped pieces[ J]. In-
ternational Journal of Production Economics,2013,145.463 -
4717.



