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i Petri P f5e K A IA B P9 B BB i SR

BT, HMIAR?, & U, EEE g, GkE!
(1. ZMEE TR AR TR, HoR 221 730050; 2. FFEFRS: MRS TRESERE, W TR 475004)

FHEE: &1 0] iE Petri P [ AEAE 1) 8, A SCHEH T AT S A K ATk £ 1 7 B U080 42 1] SR W (deadlock control policy,
DCP). F 155, % 3R W& 3K fift Ji& W (No, Mo) I 3 A< {2 Fr(elementary siphons, ES)F1 M J& 15 #7(dependent siphons, DS), X
FFANFEARAZ BRI N4 51 2 BT (control place, CP)F14% #1228 3T (control transition, CT), G RN RG(N', M'). 525,
T3 FE X 2R 45 110 P—ANAR R EO A 1] 358, iR 1 e B (B A R T 4 k. 35 B B (B A il 2 vl 45 55 1, I B4
PRV EZ W RGN, M*); 2, WA 2 AT 45 25 A4 1 MR A5 A R 042 1) 2 B F0 A8 5, AT A5 21 7 (V™
M. 3 B 43 b RS BRAIE, SR BH T ARE R ) SR (0 TR A R Akt AR B B R SCHR AR AT ST K VR T AT
J9%( H (number of maximally permissive behavior, NMPB) ] 5 it Petri P 58 £ Tl b7 5 %, 1XDCPIR B3 14 52 4 W &
Gi(N*, M*IEEH 55 (No, Mo)s&AH R, H i K715 % (maximally reachable number, MRN) & T i KV A 4T
9% HNMPB.

SEHIR): Petri; FEBATE T, FEAAE AR, e KATIAHL SO RVFRTAT R E

HhE 5325 TP273 SCERFRIRAD: A

A two-stage deadlock control policy with maximally reachable number
for ordinary Petri nets
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(1. School of Civil Engineering, Lanzhou University of Technology, Lanzhou Gansu 730050, China;
2. School of Electronic and Electrical Engineering, Kaifeng University, Kaifeng Henan 475004, China)

Abstract: This paper develops a two-stage deadlock control policy (DCP) with maximally reachable number (MRN)
for the deadlock problems in ordinary Petri nets (OPNs). First, this DCP solves elementary siphons (ESs) and dependent
siphons (DSs) in the original uncontrolled net (No, My) and then adds a control place (CP) and a control transition (CT)
for each ES. Accordingly, an extended net system (N', M) is obtained. Second, the controllability test for DSs in No
is executed by means of constructing an integer programming problem (IPP) of P—invariants of N’. If all DSs meet
the controllability, then a live controlled system (N*, M™) is achieved directly, implying that the extended net system
(N', M) is live. Conversely, the corresponding CPs and CTs are added for those DSs that cannot meet the controllability.
Therefore, the live controlled system (N, M™) can be obtained as well. Theoretical analysis and examples show the
correctness and efficiency of the proposed DCP. Compared with the relevant deadlock prevention policies with number of
maximally permissive behavior (NMPB) in the existing literature for OPNs, the reachable number of the live controlled
system (N, M™) obtained by the proposed DCP is the same as that of the original uncontrolled net (No, Mo), i. e.,
maximally reachable number (MRN) is greater than NMPB.

Key words: Petri nets; deadlock control; elementary siphon (ES); maximally reachable number (MRN); number of
maximally permissive behavior (NMPB)
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By BB FMS (324745 1E, 1E R KA R
B fE SR T AR RE 0 T A AN
S RFVE, PetriP FEFMS IS | PEREVEAN FIZEAN 4%
HISE T AR 1T Z IR, 2T Petri, ATEZ
WEIE T V52 7 15 R AR BB A2 ) 1) i, LR R o
W, FAVURS I 55 S SR RN T B T SR (deadlock
prevention policy, DPP)!U. JL wfv, BE 4 ¥ 4 3F B Xf
FMSIz AT 1 A% H i A1 B U5 AT 2 248 1 el A
I3HC. A BHR T BCSAS VR AT S, FMSTOAERUR A4, T
DL EC; 5 WA VR AT 20 L. 872 Lhon-line /7 i 4 4t
B R AR RN B FE BT IS TA] 1) SRS 5k &2 o
B SR )T 2 45 Petri RGL(N*, M) iE% 5
A2 ST N (No, Mo)FHIFI, Bl R ATak 3. (B2,
Plon-line /7 XA AIH BRAEEH, J2& 75 EEEMSAT HIAH R
FIB AT EAAN 7. 1T DPP I K ZE4 ) S EFMS
BB T LA E AR, & Lhoff-line /7 3RHAT I,
TG 7 EMSAT A LRI TRAATY, BRLEAS B 5 5738 A
WFFEN A B i 200, {2, DPPIREL A 1 32 4%
Petri ZRGL(N*, M*)nIA%Y, fERIFS O R vr
A7 A%, HNMPB<MRN.

DPP 1] 43 A WX 45 1) 43 1% (net structure analysis
method, NSAM)AI 1] 1A [#] 53 #1 i (reachability graph
analysis method, RGAM). #£ - NSAM [{] DPP, > 71
1) & EEBLFMS [y Petri 4 22 4t H1 1) — PR IR S5 A5 A
(siphon) FI R fif Jz Hoz ). 1X S8 DPPL2-3:5 7215 S SR i
a7 S BOEB SR, 285 X X S S AR N
FHNL FCP, A A3 B AT 32 4%, SR 1 G VRS2 15 M R 4t
(N, M), Forr, SCHR[3, 5, 7-8 152 SR 4 5 2 A0
PSR AR, THEFERT A LSOk [2, 9170, (HA2, 3¢
HR (9100 i A7 ES FIANH A& 1T 42 14 #1365 73 DS, s IAH
FRICP, 153 B (N *, M)TEZE R L 2IARXS fif 5. AR [
FAERAFHI(N*, M)Al iEH H /N T BRI R 52 45 5
WI(No, Mo) i KV R 4T 95 HNMPB; — BT 5,
2 ) % W 2 J% B O NP-hard. 25 T RGAM 11
DPPI6- =12 5 A R AFAE FEA 14 J I (N, M)
A ERTIRARES, K HK 7 BB AR [X 35 (dead-lock zone,
DZ)F1Jc AE 4 [X 45 (deadlock-free zone, DFZ), 2 Wi
BEHUIRAS (deadlock state, DLS). 1 & S EALHL IR
75 (bad state, BS). far k7 (dangerous state, DS)F1iE
IR (live state, LS). 28 J5 s INAH S FCP, 1415 M &
G ISRASE HIAEDFZIMAEDZ, A 115 3
TIEMZENARS (N, M*). RE T RGAM 1)
DCP it & 1 fif(DZAIDFZ{ %] 4, DLS, BS, DSFILS
12 AR K FIFRE (N*, M™*) 45 M52 44, (H 2
(N*, M) fnl ik % H % T NMPB, & i KV 470
1, W N E AT N (optimal behavior).

BT R 0 R T8 X6 T 3@ Petri ) 1) L 23
T2, i S3PR (system of simple sequential processes

with resource) ™ FTES3PR(extended S®PR)M 133111
AUA ) R, AR S H T AT S IR oK ATk B 7 B
DCP. 15, i% DCP 1 56 3R A7 75 5081 1) 5 I (N,
Mo)FT A ESHIDSPL, 88 J5 K F SCHR 1010 75 ¥4, X &
ANEST &, AMEXT EARINCP, M B InCT, B4 il &
Fr ARSI XS (CP-CT), 3-15 T #HIRM RGUN', M'). 28
25, @I W (N, M) P48 208 S0 R 1) /85
(IPP), 2Kk J& R (N, M) DS H] 4% 4. 2 FT DS
W R A, WU EHAS BN, M), B (N7, M5k
JE(N*, M™); JR2Z, WA 2 AT 264 8 DSt
NI CP=CT X101 )T th 73 21 T 96 1 52 3 W R 4t
(N*, M*). L% B #i SCilik A (1) DPPL-o- =121 R
AR DCPATESHIDS AN T CPHICT, 58 1%
PEZAEM RGN, M *)LEGERIFAXT 2 44 (H A2 3RELT
TETEZAEN RGE(N*, M) RTIAEUE R 3245 5 (N,
Moy)&HF, EMRNETNMPB. 525 I, A SCHEH
FIDCP [ A2 K- 38 Peri W] (IS ] AR W A6 BE LT
B, BT 77 0N off-line; {H /2 3K HL T MRN, & J& T
DPP 5 DDRPF45 A AIZEfH.

2 XA g X Mz B (Basic definitions and

theorems)

EX 1 —APetrib N & — A4 4(P, T, F,
W), PRIT 53 BN AR IR A, W e P # 9,
T#@, PUT#3,PNT=0.FC(PxT)U(T
X PYRR NI KA E FRKES W (P xT)U
(T x P) — N2&— Mg, Ne {0,1,2, -}, Zut
NE— I B —MUE, BY: & f € F, WW(f) >
;4 f & F,MW(f)=0. WH HAPetri ¥ N 1] £
BREL EYF e FW(f) =1, WPetri N = (P, T, F,
WHFR @ W, AT e N = (P, T, F); #3f € F,
W(f) > 1, MNFRAN—BN. NI SBHEFE[N] 2 —
MNUAP x T hRI B EBERE, [N](p, t) = W(t, p)
— W (p, t). |PIFI|T| 73 527 Petri XN H ] 2 i Al
M H. A2 € PUTR PetriMIN = (P, T, F,

(y,z) e F},zE BErE X N ={ye PUT)|
(v,y) € F}. AHR ML, X C PUTR T SMES,
XPAEEE XX = o, XWWEEHEE X

rzeX
X = U 2.
reX
X2 AHN=(PT,F,W)& " Petri¥,

NEJP-f BETREWMET: P — Z, P-lA & & PN F
FRIIBIr i, Z 2B EN ARG R P—Im) & [ Petri N
(1 P-AAE R HALST £ 0, HIT[N] =0". 02—F
B e R ST oMM E. ||| = {p € P|I(p) #0}
FRONTISCEE. || T))T = {p|I(p) > O} NI IE SZ 4%,
1]~ = {p|I(p) < OYFRAI I,

H1 4544 T K P-AN A 06 2 46 1 <P e,
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FEUL, TER—NAEFRIRT, || ]| e ISR R4
NEH, BIVM € R(N, My), "M = I M.

EX 3 ASN=(P,T,F W)—"PetriM,
HFRRM & — MW PEIN . (N, Mo)FRRbRIR
W, MoFR AN IR FR IR, #Vp € *t, M (p) = W (p,
t), WFRt € T AEARIR M A28 GE 1) (enabled), i N
MIt). % F(N, My), Rt € T =23 live) ™ H ALY
VM € R(N, M), 3M' € R(N, M), M'[t) & 3. F&
(N, M) 2GRS HASYE € T, tHE My R 2SR, )
NAEFRR M, R 2 FE I (dead) HAL XAt € T, Myt
FOT. FR(N, M) 72 Jostat i (deadlock-free) 54 557
(weakly live)  HAX 4V M € R(N, M,), 3t € T, M[t)

EX 4 AN = (PT,F,W)&— Petril¥.
HAETHESS C PSS C S, MRS NE. 15
B SAEL S HEARFHMEFAME N E R H 4, WARH N
W AMER. FAB RS AL B AT P-AAR 2 34,
FRILATEREAZ IR, FR— A BRI 1) S A% RS A
NP /M B (strict minimal siphon, SMS).

EX ST AN = (P, T, F,W)i&—Petri}¥,
|P|=m,|T| =n. RENAHAENSMS, B, S;, S5, -« -,
Sy, HA: m, n, k€ Nt 3 X[ Agxm = [As, | As,]
A Y lkxn = N [Nlmxn = [0s,[1s,] -+
ns, ). [N ([n]) BRI N FAEFRIIRFE P (T )~ [r 256 R

EX 6" Lns ns,, s, ({a, B, 7t €
Ny, )7 Petri P R AIE T — ) B8 2 [ ] ) — N e KR A5
%éﬂ %LUYES = {Sa, 557 RN SW}I%NEg—ﬁ\%ZIK{%
WEEE, Ips T TCEFA N R A(E .

E X 70T A ITHR: — A Petri X SMS (1] 4 4,
Igs = {S1, S0, -+, S, PENH — DM EEAGEIRE S

S — SMS, HS ¢ Iles. #ins = 5, GiTlse 3
Ha; € Z, ZRFBEHINES, WFRS & MBEF.

SR, IT = Tgs U Ipg, Ies N Ilpg = @, iX B Tpg
PN B S IR A BEAN, T3 Petri (¥ 1) 5 21
Z-S3PRIM FES3PRM, HH STk [1-2, 917 A1, 7™ k%
W /ME RS A L BT AN SRR B 2EL i, B, S =
SR U SA, Horp SRARISA Sy 51| R SH I BT 5 2 T 52
AL ERTES .

E X8 Ly c PRAASPRMIN = (P°U P,
U Pr, T, F)I 5 5 2 Fir, iX PO, Py, Pror 9 3R
NN B B EFE 2 B« 1 P2 P B 4 R0 08 R I T 4
A SRENK—ASMS, A FHr i T BBk it
HE,LEGH(r)="rN PAFAr A HMEE.
48] = (Y HED\S, [SIFRAEFRS M.

EH 1129 SIPRIM(N, My)& & 19, 24 HAL
VS € I1,YM € R(N, M), M(S) > 0.

EH 213 #YM € R(N, M,y), 3S € IT, M(S)
=0, MES*PRIM (N, M) =EiE 1.

3 ¥ # FE P 5 # #) 2 i (Control Places and
control transitions)

W BT ik, 18 & FNSAMAIDCPE35 791 iR
FEFTFRGAMI{DCPA 6 1-121 #08: R F R INCP I
1, 53 AR S EARB G RS2 AN R 48 1A ]
SRR IMAEDFZ, T3 3 7 215 M R 4
(N*, M*). A SCHE H 1) DCP A& 75 3K fif i ™ (N,
Mo)H ISMS &, K H SCHR 1014 FICPAICTS i 7
2, RESMSAMBE YR INCP, 11 HLAGE INCT, A4 75 3K fif 1
SMSS2#%. & U, X T/NSMST &, T/
CP-CTX. ik [1019 FICPRICTYS i 77 v2, i ik 4o
T

1) XTI (Ng, M), HFINADYE & n] 15 3
SMSHIEEE T = {Sy, Sa, -+, Sk }s HE X8, MM
€ tH SMS AH B [ 4k SR BE A 2 = {[S4], [So], -+,
[Sk]}, IERIRMNITH SRS, So, - -+, SpiEATCPAI
CTHIAIN.

2) X T 1 —ANS;, R A I —ANCP(Vg, Al
—NCT(ts,), HMy(Vs,) = 0; Vs, Flts, I FH I A\
N EERE, G0 R A

@O W FRANAEEL, t € *[S)\[Si]", %Mt
/M Vs, BIR(t, Vs, ), F(t,Vs,) = 1;

@ Xt FRAZIEL t € [S]\'[Si], F1E— 2 M
Vs, 8N (Vs,, t), F(Vs,, t) = 1;

@ X TV, Mts,, 70 BAFAE— 2% Mg, Fa 71 Vs, K
W(ts,, Vs,), Flts,,Vs,) = Mo(S;) — 1HI—2 M Vs,
famits, BII(Vs,, ts,), F(Vs,, ts,) = My(S;);

@ X T TR P (RN T L Pt
T, =1,2,-- )W LFFFEPips,, ps, € *(Vs,) N P,
ﬁﬁﬁ%y\psi?‘é‘ rﬂ—ltsi E(J %(psi,tsi), F(pSi, tS,;) =
1. e Ah, X T A 5% 85 U8 & Firs,, rs, € Pr, ps, €
H(Tsi), ﬁ?’f#%}ﬂt& EFEI‘ @Tsi E‘Jﬂi&(tsi, Tsi), F(tsi,
rs,) = 1;

® % T b0 T R AR R R AR P i,
p) € PO AFAE— 2% M ts, $R AP (ts,, pf), F(ts,,
pj) =1

©® XTI HREIRS, NS, Sk # Si. Xps,
€[S B, fF1E — 26 N Vs, 1B Al ts, B IN(Vs,, ts,),
F(Vs,,ts,) =1

N1 PA BB R BIAEAE BRSSP PRI 9 45, i B
R CPANCTIA N7 152 anfrT . FH ).

BRI 7~ & — N A7 75 B8 8 11 A5 1 SPPR 101,
Hrp: Py = {p27 D3, P4, Pey P,y Ps}s P = {p17p5}»
Pr ={po, P10, P11}, | P| = |Pa| + |P°| 4+ |Pr| = 11,
|T| =8, t1 Fltg R VRARIE, tyflts VAT, EAFEH
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AT TFHEREPIP2 = 1,2). SV
¥ HINMPB }y42.

Bl 1 — AL RIS PRI
Fig. 1 A marked S®PR with deadlocks

JHITINABLZES, 7133 4SMS: S; = {ps, s, Do,
plo}, Sy = {p4, P7, P1o, p11}, S3 = {P47 Ps, P9, P10,
p11}. BHE XS, 6, THI8, Al HfiE H2ANESFI /DS Je H
FH R b £R: ITgs = {S1, Sa}, Ips = {S3}, [S1] =
{p2, p7}, [52] = {Ps; ps}, [53] = {p2, DP3, P, ps}- A
W, = {51, Sa, 53}» 2= {[51]» [52]7 [5’3]}-

X TSy, Mo(S1) = 3, ¥ Vs, fits,, HMy(Vs,)
=0. B~ Hit € *[S1]\[S1] = {t1, t7} Fit €
(SN [S)] = {taste} BT BLV, = {t, t:}RIVG, =
{to, te}. FET K@), W13 Vs, = {t1,t7, 2ts, }, Vs, =
{ta, te, 3ts, }, ts, = {3Vs, Aty = {2V, }. HIX4)
A ps, €(Vs,) N P1={p}Mpg, €*(Vg,)N P2
= {pr}; M B2 M, {po} € H(rs,), s, = {po} M {pr}
€ H(rg,),rs, = {p1o}. X HIEFIN T T FHEREPL,
B8ps, = {p2}Mrs, = {po}, FTlAts, = {3Vs,, p2}
Mty ={2Vs,, po}. BT IEFEIN T T H#REPL, |
G H Fip°L = {p1}, Bt PAty, = {2Vs,, p1, po}, M
*to, AN F T H(6), X TSy, Ss, [Sa], [Ss], FI &1 ps,
= {p2} € [Ss], T Ph°ts, = {3V, p2, Vs, }, ity A

EERERE: X TX@), I L TFEfEA P11
P2, % Rips, = {p2}Mps, = {pr}. THEEFE 7 P1H
XN Ips, = {p2}. AT LS P2 B ps, =
{pr}. A SCHE:T N L L7 b 7 Py I e B 3 T 1k, Py
(G = 1,2, OPEEE AR RGRE P 51347, XAk
(101 A2 S ).

X FSa, My(Se) = 3, i Vs, Mits,, HMy(Vs,)
= 0. tH ROFQR)AT Hit € *[S2)\[Sa]* = {t2, ts} Ft
€ [So]\"[Sa] = {ts, tz}, FTRA Vs, = {to, ts AV, =
{ts, t}. =T K@), 715V, = {t2, ts, 2ts,}, V3, =
{ts, t7, 3ts, }, *ts, = {3V, Pty = {2Vs, }. BA(4)
"] Fps, € *(Vs,) NP1 = {ps}Mpg, €*(Vg,) N P2
= {ps}s HH N Hh, {ps} € H(rs,),7s, = {p1o} 1 {ps}
€ H(rs,), rs, = {p11}. X BEF M T TP E~EP2,

3 Bl ps, = {ps} Mrs, = {pui}, Bt Lhts, = {3V5s,,
ps Aty = {2Vs,, p1a }. BT IERIN T TP P2,
i (S F1p°2 = {ps}, BT Lhty, = {2Vs,, ps, P11},
MMts, A A8, 2 T 56), ¥ TS5, Ss, [S1], [S3], AT %
Ps, = {pg} € [53], Fﬁu'tsz = {SVSQ, Ds, VSS}, ﬁlﬁt'SQ
AR,

X TS, Mo(Ss) = 4, B Vs, Fitg,, HMy(Vs,)
= 0. B ()~ AT &1t € *[Ss]\[Ss]* = {t:1, ts}Ft €
[S3]"\*[Ss] = {ts. te}, FT LA Vs, = {t1, ts} MV, =
{ts, te}. FTRQA), W1 Vs, = {t1, ts, 3ts,}, Vs, =
{ts, to, 4ts, }, "ts, = {4Vs, Ity = {3Vs, }. (@)
" Fips, € *(Vg,) NP1 = {ps}Mpg, €*(Vs,) N P2
= {pr}; B, {ps} € H(rs,),rs, = {p10}F{p7r}
€ H(rs,),rs, = {pio}- X B IEFIN T TFE~EPL,
13 Bl ps, = {p3} Mrs, = {pro}, I Lhots, = {4Vs,,
ps} Aty = {3Vs,, pro}. HIT IS L L FBEREPL,
1 S A Mp®l = {p:}, Fr Lhty, = {3Vs,, p1, pio}s
MM *ts, A2, 5 T30 (6), X T Sy, Sa, [S1], [Sa], AT #1
ps, = {ps} € [Sa], A ts, = {4Vs,, p3, Vs, }, TMity,
'

2 b Ve, ={t1, tr, 2ts, }, V5, = {ta2, ts, 3ts, },
Vs, = {ta, ts, 2ts, }, V5, = {ts,t7, 3ts,, s, }. Vs, =
{t1, ts,3ts, }, Vi, = {ts, te, 4ts,, ts,, ts, )3 5 Tts,,
ts, Mts,, *ts, = {3Vs,, p2, Vs, }. ts, = {2Vs,, p1,
Pots ‘ts, = {3Vs,, s, Vs, }. ty, = {2Vs,, ps, P11},
“ts, = {4Vsy, p3, Vs, }o ts, = {3Vs,, 1, Pro}- A T
H BRAEB, 1 ax e o SR N 2 B AT R IR SSPRIM, 43
B2 PetriM R4, tHE2 s,

lss Vg,

B2 — A5 Petri i 55t
Fig. 2 A controlled Petri net system

I INAWBLEE, o] 51 B2 7R %215 Petri M R G2
WEH, HL(N*, M*)FIMRNA47, & T HNMPB(42).
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ck control policy )

4.1 M JE1E 5 19 v] % $E (Controllability of depen-
dent siphons )

H1_F 3R BT, 7R SR A (N, Mo) T A SMS
S, XA AR B R CP—CT, A 3R B & K AT i %
G RGN, M), X N E2FTRGE 5115 3] T
IGAE. (HS2, 2 SRR RGN, M*)HI45 1= 24
1.

3 SCHER (1, 917 H R T ESAE BT T 5210 5 %
IS INCPA# 153K fif FIES 2 20 52 2 et b7 DS B 2 532
5, RS AT RIS TR HE M RGN, M) If4h
P k. DR, A SO HY O DCPAE SR R H R (N,
Moy)RIFTA SMS i, Ml e SU5-7, K e 1%k 5r NES A
DS, B X A ESERINAR B ) CP-CTXY, 3KA3 4 J& M
RGN, M. 585, ¥ 22 IAaRJE J9 A M 45 A al
PRI P—AAR ORI 17 R, A0 FI AN f2 m 421
[FIDST INCP-CTXE, M 3R B A 55 K Tk 2T,
B LS AR AL TR RS (N, M),

T3 ANy, My)RE— K2 RFRRS?PR
M, ES,, ESy, -+, ES 2 R—M(Ny, Mo)FIFEARGE.
HH 5653715 I CPAICTHN i 7 1%, X EANES 3 Bl ik A
CP-CTX}, i3 e 1524, HEIR RN RGN, M)).
L0={Lli=1,2,--- myEHENRLEWN', MK
P-4 R, DSy, DS,, -, DS, 72 JE M(Ny, My)H]
M (SR, %5

My(DS,) > max{ X

PE[DS,]
MDS, n M), X Emax{ %
pE[DSn]
[HI R IPPR i
max: Y M(p),

pE[DSy]

two-stage deadlo-

M(p)|M € R(N', M")},

M (p)} T3 F

IT M = IT - M,,

LI - M =1} - My,
s.t. .

IT .M =IT . M.

XTSRS BR RSP PRIF R I T kA
CP-CTHY, J& /R & 15 4 J& ) R B5(N', M) 7= A 3
SMS, {H 27— L P-AA T, X T (No, Mo)
DS, T &, FRERIEE I RGN, M)KIDS,,, LR
Fets—FEIIIDS, ). i A9 IBRRMY R, [DS,]#
HHE B N TR M, F DS, T 4, %
0] DS, Je A 2B A, e 1R 2 R, SRER
DS, A2 WS ) ZA G555 P 1, R 2 ]
. R, DS, BT ER.  EE.

JRUEF 5 B3 FTPPSR MRE B 16 b 2 PSRBT £,

{E AT a2 A Lind oM gm A RSB BEAE,
% IPP X DS AT RS, 72 LA off-line J7 AT,
AN INA S T tH T DCPAE S B FH HH AR IR 8] 9
FEI.

4.2 FERAGHRZIEHMNIE S AR 0 \ i 42 5 FE 4
$& | H (A deadlock control algorithm using
the controlled elementary siphons and the iden-
tified and controlled dependent siphons)

5t A AU 1) 8 Petri X 125, W1SSPRM 12!

L-S*PRIMANES?PRIMI-31, A5 4 i 5 Br 4 25 1

# % (deadlock control algorithm, DCA), 15 5 i i X

FT A R At FESTR INCP-CT X, 15 e 41152 4%, 15

FIREM RGN, M'); SR IGERIDSTEN', M )HIA]

FEVE, AN 2 AT R LEDS R INCP-CTXY, A

M 3RA T B A B K AT IS S M 42 W RGN,

M*). ZDCALRUIT:

HiE 1 FEREPRZ RN EAE bR %0\ 45

HEA Az

Input: —/MFELEFEBHIFR IS PRI (Ny, My), No

=(PyUPRUP T, F,W).

Output: JEPEZIEN RS (N*, M*).
Step1 F& T INA, 115 5 M (Ny, My) HHIFTE

SMS, 3511 = {Sy, S5, , 8, }.

Step2 & X 5,6 F 7, 1F & W I[Tgs = {ES,,

ESy, -+, ES)}Ips = {DSy, DSy, -+, DS, }.

Step3 HHE XS, i H ks = {[ES1], [ESa],

o [ESW sy = {[DS1], [DSs], -+, [DS]}-

Step 4 40375 Bt ik B9 ¥ IICPAICT T 3, X ITgs
H RS TR IS I — ANCP-CTX, FREUH e W & 4t

(N, M),

Step5 :=1.

Step 6 whilei < |[DS|do |DS|fXE MJE G br
HI%H

Step 7 FETE B3 IPP, fuie
My(DS;) >max{ ¥ M(p)|M € R(N',M")}.
pE[DS;]
Step8 ¢:=1¢+ 1.

Step 9 end while
Step 10 if X} TFrA DS,

My(DS) > max{ ¥ M'(p)}, then
pe[DS]

Step11 N*:= N’, M* := M’; go to Step 15.
Step 12 else
Step 13 X T-#4>

DS;(j<|DS|), My(DS;)<max{ ¥ M'(p)},
p€[DSy]

TS 3 AR A INCPAICT )5 =X, Vs INAE R [ CP—CT
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Xt

Step 14 end if

Step 15 frHiEMEZHEM ARG (N, M*).

SR WA BUEAT. SB IR B, 2R T INA, it
B TR (N, Mo)H () BT 5 SMS. B 5E 57, %Il 4
H Mg F ITps. 40 55375 BT ik M INCPARICT /7 3%, X
s PR TCRININ— 1 CP-CTX, FREUH JE M &
Gu(N', M'). 5528 B, 5 T & BE3WIPP, £ % [ps
FAN LR AR, AT DS 3 2 nl i, W E
BT VE R M R G (N, M*); Rz, X AR
JETATHEVERIDS, WA AR ) CP—CTX, T [H] 42 H
B HOE AR M R G (N, M), Bl Bk — A3
AAGARSZ IR B A A 40 \ it (1) 15 B UDCP.

T4 A (No, M)t — M ARZEMFRIRS PR
PR, o e B L, BT AR B M S R G (N
M).

WE AT ARAESEBUSPPRIN, Sk Al Rtk &
B8 Bt FESHIDS. SCHR[9148 H, ¥ InCPw] LA {15
ES 32 5 FIDSKa 052 15, 2 — e F2 4 Ak Ty 36 1
T RGN, M*) WA, B, AT 153
HA MRNAIGE R T B (N M), k18 Sexd
SRR B EEAESH I —ANCP-CTX, ¢ 15 Fr HES 7]

5, SR T SRR RS (N, M), (B, AT
ESE R Z )5, (N, MG TR B T BT DS /&
ez . R ok, 36 T 5 23, A 16 & DS 1
(N, M) mT 5 AT %08, X AN A2 T 2 1 (1 8
BEDS* 7R I AH B (I CP-C T, i 51X e DS* i 7,
S XA, VR INCP-CTAT 77 2RO, 928 7 %t 5
W (No, Mo)H BT A ES & 302 4%, 4 DSFa 22 4%
AHADS* B X200 H K, B, B SMSHRA 2 4t
B, B EARI2 ], SR E I X ES i 5 A
DS % 51\ Jti 7 i 9 B e A, FREN T H MRN I 74
ZIEM RGN, M™). iEEE.

T 5075 LR B T XTES it AT DS % 550\ e 4% 1
73, HSMSHISCRAEHE 5 Petri W (AR 2 F 4L
o R USSR gk, HAt B 22 & NP-hard. X
M, BE 13T 2 23, il Lindo!" W 4 72, DL & (off-
line) /7 A SIS DS Al #a M) 2 (IPPR fif; hab, ik
T3 INCP-CTX 77 5K O, 44143 Bt B ES A AS il 2
AT PEMIDS 2245, SR TG 323 M R G (N, M™).
Eb 6k B AT SC R R e K VBT AT N I B8 B A SR
g 140 V=121 BT R 1R A5 T B KT IA £k, R, 3 14 52 3%
WRGL(N*, M) IR ES RS2 3T RN (No, M)
ST AH R ). IX AR 75 I BRAE B )[R B, A 43 FMS )
IR FHEAF ] T SRR .

5 ZHl(Examples)

HEl 1 EATR PR SZ3ESPPRI(N,, Mo) i

FHBEEL, FATBSHtif A DS 4 5\ i 42 1 9 Bt =ik

FERIARWT:

M BL, HAETE %R H2ANESHIIADS, ITgs
= {51, 52}» Ilps = {53}’ /H\':F'S1 = {p37 DPs, Dy, pw},
Sy = {P47 Pz, Pio, pn}, Ss = {p4, D6, P9, P10, Pn};
e X8, T e A B IANER, 2 = {[S1], [Sa], [S5]},
;Q\I:P[Sl] = {pz, p7}, [52] = {p:a, ps}, [SS] = {p27 D3,
pr, v} UG, S ES,, My(ES,)=3fES,, My(ES,)
= 34 U0 CP-CT %, WLZE 345 BT ik (R6E Sy FlSo s
TICP-CTX i #2. HVE143 3 T W RZ (N,
M).

oW B, BT B3, FE I DS, Mo(DS,) =
ATE(N', M) e a7 %51, @3l Lindo! M s
SRAEIPP, 13 3] T M'([DS1]) = 6. 1 Mo(DS,) =4,
My(DS,) < M'([DS,]), Fir AX DS, ¥ InCP-CT
X, 5375 AT IR ) S s INCP-CT X ik A2 A0 ). (8 ik,
23] 7 EAMRNIEESZIEM R4 (N, M), WE2
Fror. Sk U6 T 7~ ISP PRI R B A8 4 42 1) ok
FEMF L. H A DLSASEHUIRE; BSHIFMIRE; DSH
FERPIRZS; LS AR,

& 1 B1FH &3S PRI &) # B X a4 H] 342
Table 1 A two-stage deadlock control process using Al-
gorithm 1 for a marked S®PR shown in Fig. 1

Petri PR DLSAIBSHI%w'S DSHILSHIZR=
JERA(Ng, M) 5 42
WM (N, M) 1 46
TEVERIEM (N*, M*) 0 47

AR, KT B TR BISS PRI BB o] 0 kb 3, A ST
R KIDCPHTA N CP-CTXY, 5 SCHR [101 AT 0 i
CP-CTX}ZAHEIf. 7EWindows XPH:/E 2%, 2.8 GHz
Intel(R) CPUMI512 MAFRIZRAE T, & IR LLER
2.

k2 A4 69DCP5 LAk [10] + DCP#Y Hb 4k
Table 2 Comparison of the proposed DCP with the

DCP in [10]

PPRIbRE AXFDCP DCPU!Y
AINCPIK%EH /A 3 3
WINCTHIEH /1 3 3

N\ H 3 H 74 16.5 16.5
ALRRESEE A 47 47

R 100% 100%

PATHT /s 1*(< 2);2%(< 1) <3

RAETEMEZIEM (N, M*)ITEES I (No, Mo ) K ATE
B b 1%(< 2), 2°(< D) AR R A SR H DCPTE 28 1 B
%t ES1 R E .Sy B B R0 58 2/ B DSy % 551 \ it 32 B i 6 1)
B 2 sRIK 1 s (HIZ DS AN R AT, A2 F5 Bt .
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AR 545 Wi Petri i K T IAER K P B AT i SR 249

HEl2 E3FR IS — N TESL B ESPR
PN, M), o Py = {p2, p3, pa, ps, Pe, 7,
Do, plOapll}a P = {pl, Ps}, Pr = {p12, P13, P14,
Pis, Pic}s [Pl = [Pal + |P°| + | Pr| = 16, |T| = 12,
Rt o SEVRARIE, ¢ Flt o RV ASE. BAFE /M IN L L
it PLAIP2(j =1,2). Hig K47 N H
NMPB 4194,

FVE N H T ZESPPRIM, HXTES i 4% 15 DS %
A\ Jtadzs A B S AR R IR A R

M B, BAE R K AR H2NESHIANDS, ks
= {51, Sz}, IIps = {53}, Horr: 51:{1757]76, P11, P14,
pls}’ 52:{2777 P10, P15, ]916}, S3 = {P77 P11, P14, P15,
pi6}; HHE X8, e AR I AME, 2 = {[S1], [So],
[Ss]}, Homb [S1]={pa, Pro}s [So]={ps, Pes Do}, [S3)
= {P47P53P6,P9,P10}- RIE, X ESy, MO(ES1) =3
M ESy, My(ESs) =2 435I CP-CT X} 2153
FE(D—~6)FTIRICPAICTIN N7 3K, BVEIXT ES Al

E S, U5 INCP-CTX 1 s jiti ok 72 W23, T A5 3] T 44
JEM ARG (N, M').

3 —MEEBEBIES PRI
Fig.3 An ES?PR with deadkocks

% 3 HEHIFE3F Y ES A ESy i CP-CTH 8 5% #6142
Table 3 The addition of CPs and CTs to two elementary siphons in Fig. 3 using Algorithm 1

ES; pes, €°(Vis,)NP1(P2)  pY(p) TES,

“tEs; tiESi “Ves; VE‘Si

ES, {p4}*, ({p10})
ES2  {ps},{pe}, ({po})*

{p1}", ({ps}) {p1a}”, {p15} {3VEs,,pa} {2Vks,, p1, P14} {te,t11, 2tes, }
{p1}, Ups})™ {p15}, {r16}™ {2VEs,,po} {VEs, P8, P16} {t3,17,t12, tes, } {ta,18, t11,2tEs, }

{t7,t10, 3tEs, }

* RN E N L L5 3ERE P1(P2) MAHSC L BE . N L LFPHERE P1(P2) FIAH R BHREPERT; Mo(Ves, ) = Mo(Ves,) = 0.

2B B, BT 3, HIEIN DSy, My(DS,) =
ALE(N', M)yl tEEAT %), il id Lindo!' Y g2
SR ARIPP, 13 B T M'([DS1]) = 3. MiMy(DS,) =4,
My(DS1) > M'([DS1]), Br LA G & % DS 78 ICP-
CTXf. lk, 3R RS (N, M) R E 5245 W &
GL(N*, M), Je K AEHCN250. Bk Do B3P )
ES®PRW i By AL B Hl 7 W34, Hordr: DLSOY4E
BIUIRAS; BSNIIRZS; DS ASERPRES: LS MR
% 4 B3% A IXES PR A 69 7 B X A B 45 #] i A42
Table 4 A two-stage deadlock control process using Al-
gorithm 1 for a marked ES®PR shown in Fig. 3

Petri PRARZS DLSHIBSHI%i's DSHILS %S
JEM(Ng, Mo) 56 194
WREM(N', M) 0 250
TSR (N, M) 0 250

XF T B ESPPRIM A SEEH il &, SCHR [2-31F015C
IR (8143 T i HHAF S R PR A2 ) S I DA Ul AL
HEHIDCP S EATMTERE LLBUILRS.

BEAE, X E 25T 7R (IESPPR M SE 8 ] i ib 2, A%
SR IDCP 5 SCHR [10) 1 IDCP, #£Windows XP1
fE %4, 2.8 GHz Intel(R) CPURIS12 MIATEIZAE T,
A RITERE LR, Horb (< 2) 2r (< 1) 733

R A SCHE H IIDCPAE 25 11 BOWES  FIES  HL 45 Jii
FERIZE28T B DS 4577 \ It 72 FT i FE IR TR] 9 < 2 s
ML 1 s (HIZDS, i & M, RToT ).
% 5 AR HEHDCPE LAk [2-3,8] ¥ DCPAy tb AL
Table 5 Comparison of the proposed DCP with those
DCPs in [2-3, 8]

PERIFRHE AXDCP DCP? DCPP! DCP®
WINCPHIEE I 2 3 4 3
IINCTINEH A 2 0 0 0
AR EE A 250 49 156 194

R 100% 19.6% 62.4% 77.6%
PATHTTE] /s <2 <1 <2 <2
WA /M 1.48 1.09 123 136

& 6 ARSI GIDCP 5 Lk [10] F DCPAY HLAx
Table 6 Comparison of the proposed DCP with DCP

in [10]

PEHIbRIE AXHIDCP  DCPHY
AWNINCPRI% B A~ 2 3
WNINCTRIEH A 2 3

N\ Fan B d I A H o 11 16.5
AR H A 250 250
R 100% 100%

PATHS )/ 1*(<2);2%(< 1) <4
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6 1854518 (Discussions and conclusions)

SCHR 146 H, THEE 2, 47 i a4 i =
e FE T Petri P 3 1 DCPIS A Z5UIN LA 134N A
. Lifl1Zhoul ¢y Je & M BE A S AR, (2 kT 2%
FNSAMAT & 1 135 P 52 15 Petri M 2 58 45 ¥4 (1AL
{H X R T NSAMFIDCPAEAEE TR 44 47N
VF R T AEAEAS TR RE B AN AR 235790 g 3k T
RGAMFIDCP/R A SREL | e KVF I AT A i 1 52 %
Petri X R 4¢, RS2 3 T 5 77 K, SRS 1 52 4%
Petri X R G045 #4058 & 2% (1) 1) L. X6 T A7 7E S0 34 I8
Petri ¥, 3 T 58 A (S AR ML, 76K H T H SMSJA,
Chaol ' 5 ¥k $2 i T 6 E AT INCP-CT (1 75 =X, 1M
ANIE T H AT SCHR A AR INCP s 3, i £ SMS 32 5,
3BT F KT IEBE Y 2 4 Petri W, RPHAFRTAT
B H 57 7E S R W T A TRIR A E B A2 A R
IR KR T KPR AT R H). (B, T
SMSHSEINCP-CTA 75 3K, 330 1 TS A KA
TS24 Petri [P 22 Gt 45 K6 5 2% 1 [ .

Z B AR BRO AR INCP-CTH 5 RO &,
Bl 0ot % i Petri ] 4t 7! 7 JX-SPPRATES PR ) 4L 8 1]
O, AR SCHE T AT SRR K AR U B UDCP. 251
BB, 2SR T S0 SR AR IR (N, Mo) B AAZ R AT
J& 15 bk, Xt BEANESHS INCP-CTXY, 3K 1540 & N & 4t
(N', M. 5 FERINCP-CTX} pris K 10 T T /i F2
P Vg, WARA 7RI T TP bR 5 1 By e
T 2. B2 B, i i SR e 33 TP, Skl i )
HHDS AT . 25 A DS E nl 540, W E 1155
MM RGUN, M), R, WA 2 AT %A%
(1) 0 356 73 DS F- 4% in 42 1] 22 Bt FH AR 3, AT R 73 2
(N*, M*). Xk, 5CHR[101/H L, R AT Rt T FF
IS INCP-CTXT (1 £ &, A 2 T ALV, M4 1)
£ . BE 4k, 1ZDCPi ik 2218 7 #1 F1 5¢ F-S3PRIM Al
ES*PRIMIFISGIIGAIE, B T H IR A 5ot

JUE AR SCHRE A B sRDCPR L T X ES it 4 Al
XTDS % i\ iz 77 20, Hovh 55 58 4% B 2 NP-hard; H 3
WM, tHE AR, HE, AHRIDCPRT 6
HEE R RENE Lloff-line 7 xU7E SE B O ORIAT 1K, To 55k
BREMS A H AR B 3 47 B TR A AR 16, BB Ak, 75 30 3%
PEZFEN R G (N, M*) AR ECS A 245 1 JE W (N,
M) ARFI. 52 L, 1% 7 BEa(DCPJ& T 58 k6
5k 5 SRS S DPPIAI 45 & FH A, e 4 DPPRISL A
T 55K 52 s PR30 0 e P I BB B DCPRY, 4
—ERMESEMER. BIME R, 5e31%DCP, K H N 2
AARE ) R B A B K — M PetriM, 2 R — 20
FOFUT R A 7 7 1) e L 2%
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