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Abstract: Data race is a difficult problem for the development and testing of the concurrent program. Research
has found that data race may cause duplicate computing which may decrease a system’s performance. First, the
concurrent computation redundancy problem (CCRP) is defined. The related performance index and judging
methods are given, and the general concurrent redundancy control mechanism is designed. When CCRP is studied,
the parallel program generally be analyzed based on a producer-consumer model. In the case of the producer-
consumer model with data source, CCRP is analyzed in detail. The single condition and cross condition redundancy
control algorithms have different application scopes and can be used as fixed patterns to solve CCRP. Relative
property proofs and simulations are given based on Petri net. The concurrent program experiments show that the
concurrent redundancy control is necessary and efficient. Two control algorithms are compared in the experiments.
The research has reference value for data race detection and concurrent programming.
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ARAn B 77 ik R0t T8 R R E A AR BIAE ST R AR — AT A T A A e A AR # AT CCRP oA A d
ARG EFH-GTHABIF@EIT CCRPAH T 5. M XA E F 454 Bk Bk LA RE 69E A
) ART vAAE A B R AR R R Bk CCRP AT Petri MAE T A8 R MR 698 545 A A A2 5 I s RULYI T HFA &
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B THSHLARGUN 28 S DLV A W 2 B (RT3 R frl Ak B s R (K KR R T S
R i L (AT SR R 52 ) AATT I AR I R PP RE S 78 20 A FE R (1 v S RE ) 4 vy R A Pk e (2 th T
TS Z RAF I R g P T A S 5 2 G 100 90 RFR 2 Lo 45 TR ol 1y T - SR S A7 ik 1 AT AR )7 T e
H DL 5 4 i 0, XM D0 R o TR R 0 [ 36 B, e 2 S [ 2 ) A AR LA A R
HE R AR IS AT R AN 1P,

Hs 84 R T AR R R, AT AN S A TR . L A AR DN 0 S I B AR T 12 K LK g
P HH IR RL T op T A (0 5 5 4 i) AL G0 0 R BT IR B A5 S RS A HAA I S N R A
B A LA 30w A SAcAT B 5 4 A5 ) NI R RE e T R IR 2 — BT 56 B (1 P9 8 50 A 1
KM RGTT R P8R T Bl T IF R T BURERF IR 08, R G A 1 ) — MRS A I 2 R AT 2
i, SR T AR G e o A AT R B, X T AT A TR T B S A T R R A R (R SO I BT
Wy DUZHERE) Hh T AN 8 1 R 2R, 3 80T AR AOAE 55 94 22 D0 R BT AR AT JF AR 1 L LA 152 1) 1) 200 A4
A7 T R 3 BUX P AT 18 B A% SE 1K) JF 5 422 R 8 o X P B 52 v S8 WRUHE PR, 75 22— PR BB A1 & WL
X SRR R Bl 2295 T CORBA,Web il 55 5 B A ) 40 A 50N 2R 48, S RS R 7 oy th . S5 it A 7 S
AN H R T A R R G AT AR W RO Rl T R SO S B RE R B R R R X
AN K. I3 A0 A DA B 5 4 ) R R BB Ja R O b v SR A W) R 9 ST DO I R R P v B 4 i) R R A
Pt S IR AR R S 0%, T AR B A B T RN B EAT 0 . FRT BT R AR R 3
HrsikA Petri . EEIHLAE. Petri 42— F B AT ™ A% K 18 SCR R U B A TR S SRR OF 5 720
oA ARG AR I SCHR 511151\ Petri IR T ARE 3> AL A hIEAT 147 280K 70 Hr

N T RN YT I SR P rh 6 TR B 0 i, 7 (5 AR F) T G 5 R SR S i 2 A I, A SC A S 1)
g SCT IR R v S S ) L B TR S AGT I A6 ik A B A B M T AN IS L i B IR
7R - S R R SRR T HAR G BE T Petri I, A0 ATIE B T R VR ST AT In) K AR AR BT T B A
SN 25 AT S S A X o 0 AT AT LA DAy i 4 1l 0 11 s A6 KR e ke O o v 5 T A )

ATCH LA Petri I IEE AL S5 2 9 ORI IR I e vh LT A AL 55 3 4R L AR L 5 4
AR T B AT O R L S AT 5 WA IR RO R S R 6 TSR T S
WHE.E 7 AR AR 26 8 WA 4.

1 Petri MERER

Petri [ & — M B AT 4% B2 8 S T XAk 1 T8 @8 1R AR SORE T Petri 19 BL A Petri W 1) 181 T (A5 fig
S 88 R i e IX I v B T AT I R s o ) . Petri I TE AN A 230 26 SCER[12-14], B T ERATT LT SR/ 28
BRSO — A &

TE X 1(Petri W (BEFF/ZE &%), TG4l PN=(P,T,F,KW,Mo)=(N,Mo)FRAE Petri % (P/T- R 45)1*, 24 HALY:

(1) P AFEFTAREAR T EETHAERES, H PUT20,PNT=;

(2) F(PxT)U(TxP) &R [HFE 45

(3) dom(F)ucod(F)=PuUT;

(4) KiSN U{o & A B 3L

(5) M:P—{0,1,2,...} @& bR iR BR 2 Mo R IR I,

(6) W:F—>N"J& B4 9T I IR IR A 11

VxePUT,FR*x={y|(yePUT)A(Y,X) e F}A X a7 B X ={y|(ye PUT)A(X,Y) e F} A x [H )5 & 4E.

EX 2(F % 1 (concurrency)). %M PN=(P,T,F,KW,Mo), LT UcT Wik M =3 w(-t), MFRAEIT4E
U S a2,

TE X 3(F FRiEFnZ £t (boundedness and safeness)). 7 PN=(N,Mo) ", 1k YMeR(Mo)#5H M(p)<K, I Fx
VERT p o KA Ao K 24 i PN g — R BT KA 00, IR PN Oy K A FE (4 i,
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TE X AGEME(liveness)). 1E PN=(N,Mo)H, 45 YMe[MeyaM’ e [M):t 7 M BZAU K A2, I3t te T2 3E (K85 T teT
HIEVE I U PN L35 1.4 VM e [Mo)Ite Tit 76 M F2AUK 28,1 PN S TEZE8 o122,

TEFR 1 25 NG T 0N i A R G 1 70 50 06 B 4

(1) VteTAleLeel BIGA FHA4 T /D8 T — 4 15 FAAT ) P&

(2) VleL,3beB:beluci, RIAIATE A cin 55 4% ] 5 A7 1] Bl #8280 AT —ANHE 1

7 Petri (4 Bl v FH A [ B R R BT P o3 ANV T B MR R s ARIE T OG5 A 10 4Bl 28 % on
A 1R, 2 R ORI Petri 0T UB R MR ITUY « JER - 032 RIS 738 55, 5 (8 X 1] 810 1 4k 43 BT . AR SC
(¥) Petri W Fifiid K T FMCISY oy .

2 FAEAUHEEEEM

21 fIFiERF

FATE B A SE 4B

P1 PZ PlyPZ yyyyy Pn
IHCIRZS i B 1 (1) b=Popup(B); J/ShareA >y JL=2 a5 5
(1) A=Query(db,flagA); (2) While (b!=null) (1) if (ShareA==a)
IHE AEAF P ok E s B () @{
(2) insetB(A); (4) Process(b); (3) Process(ShareA);

(5) Update(db,b,succ); (4) ShareA=b;

(6) b=Popup(B); (5)}

M3

il 1 1l 2

B 1 Py, Py A 2 3 Ak T AN [ 2R 1 1 B AR A, 33 P A e R 0 ) LA PR b2 AT, 1 3 3o %10 dlo 2 Hiodie 1
o4 R BB S5 44;B S Py Al Py LS AR B AR Py T Py 2 Rk = AT [R5 B A7 70 B0 5 4 TV ARIE Py
GAM) B 21T TR Py th R E AL 31 58 5 Py A FHAIZAT BIAT LIXFE,B s B A ANHE 1. 51 SR FATTIE W] LU H,B
AN E M IR 2520 db (R 2O, T K 270 B h i N B 2 (R, AN T 32 B0 P ARG B AT AN 5 K AT KL,
A RBOR T35 T IO B e 445 00 F I I8

%) 2 45 T IRl — BeARIS 4 2 AN EFE PPy, P AT IR 0. ShareA O 2 [A) 3248 i i T = 5 22 1) [F)
2, ShareA I A A 8 1k A7 70 B0 56 4 BB 1 — AN 550 S 2 Py I H 56 Process R 25,10 ¥ kA9 X T
ShareA [W{H; 272 P, ia 47 155 1 470, ShareA [RPIREAIRE T a P st N3 3 47,7 — KA Process i 4(.P,
HIX AN A 45 520 ShareA )5 ME (F 2 BAR R EE 2 RN P D& ER T 1 ).

22 & X

E X 5(F %1 B E S [8# (concurrent computation redundancy problem, & #& CCRP)). X &5 7F - & 2
JE B H ARTS A HAFTE SR B M R A G P LW E S T8, [ — BoARS &0 W — BT 55 54T
PR OB LA (A ) Ak 8 5 20 A2 T AR B ) 9 R SR S 45 He{py_1,P2 1, i mp I T R R 8R, JF vt
S ) R S5 SRR BT M A5 824 R HER.

EX 6(F%i+EAREE 85 (concurrent computation no redundancy problem, B % CCNRP)). iX &
CCRP jr) i 1R) 75 iy L, AEAR AT AR /7 IF R A& F#8 H=R.

EX 7(F % EEE=HIHLF (concurrent redundancy control mechanism, & #k CRCM)). 1X & —Fr ik 11 3
REEITTE R . SR, 35555577 %ok 530 CCRP 3| CCNRP 1) 4.

EX 8(fF A3 (code studied,BFR CS)). XM T HARMES AR 13,2 CCRP I HARWI SN 4, &
H DU HEAN B R A ] LU R I AN 4 .CS A2 R R G &

ts; is CCRPAts cts,=ts, is CCRP.
HTAET 20 #T,CS B AL — 8 M4 A Rk MR F AT GV AR W A IF B & — 4 LA Al
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— R ) A L R A (R S A LA S B IR ) 7 R REA D AR 3 R R Bk R L R R T A 2 TR
A, BT T LA BT G 2 0 2R FR AT ARRD e B M B & 7E CS 2 BT LA, SE B P S X R S 0l HEAT 0 AT AN S 0 ()

TE X 9(B#r{X 5 (object code, B FR OC)). iXE+8 CCRP A %54 1l fig tH I 5 2 4T 94 15.0C 42& CS iy —
#H53,0C BT R YA 6 Fidth 5 $hAT 5 SR CS /& CCRP.

R % CCRP [¥552 X, L CCRP, i BT 4 AT HA AN e PE @ ik CRCM IEHfi [ 2P 2 J5 ,CCRP & 1] LUk 4
(1, 2X Ui W] CCRP & B T 1 (1 7] 2538 Je 1) 3 LAt IR I R vt 55 2 5 ] R (A J5 it DR i F T 0 R S AR IR AT ¢
B A2 G H A BEALPE, i FLAR T A I T 3038 56 4 1) R3O0 56 4+ /2 CCRP P AR L B4 (AR 7
43 %A%k .CCRP 43 M7 ¥ 46 7 Biafi 52 CS,0S Fl H AR JG I CS 16 &Rl 3 Kk L& N B SL bR $ATAE 45 R, BT H AR
Z VB HEAR A —AME S FRE X R T CS F1 OC B AH R B . AH R AL BRI AR . A1 A% H I AR 33 K78
SR N A T AR, FRATTRT B R R A R Gk RE I — 5 4 RS 2 CS il OC Sk iEAT CCRP A 5T
2.3 MEREIRHR

FOL W T TR BRSO BRI — A BRI B R, T8 BRI RE (AT 5 R BB 2 U A
R B AT1iHE CCRP I AT LA & LR 3 Wi bk g di b

(1) IERIES A B Q)R HARTES H AER RS2 bR kel 2 b, Q<1 Mi%in 1 #F % F CCNRP

"] #1,Q=1;
Q=Tg(H)/T(H) (1)

(2) IR ES A R (CR) R IR 5 55 AR 45 B FE IS o SEBRAFE T LE 26, CR=Tg(R-H)/Tg(R), H. CR=1-Q.%}

F CCNRP [i] {1, CR=0;

(3) AR LL(E(n)), 38 1K 2 58 AR [FAT 454 H(H H A n ANFAT4) JH R R4+ 51\ CRCM J& £ o FEI

b3k Ab () e 451, E (n)=CR,n=|H|,E(n) =0.

Table 1 Semantics of notations
F1 FFTENER

Symbol Definition
To(K) The consumed time of completing task set K in the ideal condition
Ter(K) The consumed time of completing objective task K, when CRCM is added
T(K) The actual consumed time of completing objective task K
{0 The consumed time of completing single task j
te The polling interval of producer thread
T0 The consumed time of consumer completing all the tasks in the ith polling

2.4 W75

UM I KR P R 75 A7 A T STV S LA IR A £ i MR e S, 1 2 7 0 H AR 526 H RS AT
CLABLTR 4 ANJ7 ik F R A5

(1) A

AT B R R R P A XML B A ASE ORI, 8 5 7 P G v 41 4 7 A0 1A
QR BT IS (I D0 158 I o P A T S 7 30 A PR 7 6 MG, e T e A5 280 5 B8 F 00 P

(2) W L

T AT 55 [ 2 AT 55 (1 N AR AE IR DU A SE B, A5 21 6 15 10 I 44 Dy AR S8 P8I 0, ) Jl i A
R 552 AR A SR AAT 55 5 22 I PAAT, RAUE FLAE I R R P B () A1 85 B2 MR 55 10 58 FCIN 1] T(R). A 4 H ARAE: 55
H IR REFEIT T(H) =Y t) LR TR T(H) I 22 3l 2 e a0 538 0k 35 WA o T 50 01 5. 2 e e 3 R P i o ST
LUK A DX )25 2% 5 R DM HL 5 T SE B, 25 18 21 22 2 R 1A Nk b, -0 17 T30 21 2 O SR 2 R PR R L. 3 4 X
T SRR JE AT 55, W R A R AN A BRI HH Ok

(3) HB T
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BT Petri B A BIHLAE BRI IF AR Y AR Ja 0 T IF BRE Y 1 25 Bl sl AT fh B . (BGR 20 LR A H
A R.AT MEE AERE T Th AAEAEAT 55 2 RIS D0 I8 4 L LA HIFTR| A SCREHE T Petri 94 218 73 47

(4) BEPERERE

e — AN IST RS R 7 0 T 58 SCIAR S5 4 HAERE 7 o IR AT S R AT A0, 2R e B e B o 2 U]
LAST B 4 X 75 9 55 0 TR I AR P42 1 v 18 8 00 30 P 2 R B R A SR Bl A

3 BRAFAREEEZHRE

31 EFAFE-HEENCCRPAMAZE
PEFE - S ORI AT — B P R REAE A PR W R IX 7 AR A Y B R 2 T A e
-V e R R AR 7 O 2 B SRR 10 R, S AR R 2 2 TR IR IR R B & IR TR T IR L
RURFAE AEWFC I RS CCRP ) I, — 0 m] LA 28 7= -0 9 1 R AT 20T B X T CCRP 23 BT i %11
WSS L 28 2.1 15 PR H I 450 IR 2] LA e dn B PR kAT 1518
(1) CS AR FRAIEE X FMF LT, AT T LU AR QI 0 57, 38 R 2R R I A A A AR 7= 3 FE 3 B 2 PR 11
PATARRD AR Ay 0 2
(2) CS MAFTELIRAIE. I CS I I KA, BAR,CS A& CCRP; 1SR CS # & i H, W] LA H AR AR
54 54 OC WIRTHE . J5 4k A 4 =2, 0C WM 23, B AR A i i A i AR 2 B8 3.2 714
32 BENEEL
B e e — B ARG C B C1,Cp,Ca,..., S5 JLAN T 2 A4 J80, FAT 75 22 M AW Cop ARRS B 11T 5 8 5 1E.C & CCRP 1)
CS,C, A1 CCRP 1] OC.{:48K,Cy /& Co AL 55 (1™ AR U (277 ), 75 Co, Cp ZIFJHE N C o MU M 428 il 41 Co 2 AT 55
1y A0 B 25 (1 2 ), 7 Co 1158 R, Co, Ca ZIRIT N Cog MRS I 425 Hhl 45 VE 453 2 BT IR FE )T C1,C12,C2,Cas, Ca, W] 1 T
R LEX BRI JE T 9T R B — AN 4 AT LA Cy R Co WA 23 ) Ak T AN ] 2 i (0 9 A 358 4 FEL 3 A A
D I I TR R P 0 A 1A 7 -0 9l 2 AL, ] Pt I 83, 181 2 s e ey Cp 208 31 A 77 3 R e 3 4% —

#893(C12.1,C12 2).

Producer Consumer

Ci

Cy,: Check & Control
C,

C,3: Check & Control
Cs

Fig.1 Program flow chart after inserting control block Fig.2 Petri net of converted PCM
(producer-consumer model)
Bl 1 A SIS R i Kl 2 AL A e Petri A

3.3 =HlitiE

PR LR 3 AN A A R e SO R A PR A L ARG A% 1 BT AGL I A% 1 s SCRT LA G g
LS AT 55 AR IR RS I S P & AT 3 AN H AR SS TN (1 Crpa)s T 2R 1
FESS I (1 Caz2)~ T 3 HIAE S5 58 BU(UN Cas), 25 A AGL B 3 T AR 25 PRI BRI 2 75 EAT T — 20 A AG Dl %
AP BB A2 5 A 0 ) IR A% B A 5542 o e, 0 P B AL D 2 AR A I A 2B 55 B T FRAT DR PR AR e 4 U SR Y
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S
3.4 HMEH
RO 4 A 10 7= A 2 A W R vk
(1) BETHEE g A G B IR ) T RO S 3 ), e T L AR ) AT 55
TR AARAE A= 7 o A AR 7 EE A AT 45 45 T B, T FLAS 7 L0 4 358 o B3 445 4 AR S 3K B s i
R IN % A B I T B O 5 AR AT LR R 3 — A B
(2) BT 55 M5 WA ) B ot A AN J0E N 28 (AT 45 30047 3 5 o Pl A 2 B A 77 o 7 AR I AT 45 K
T T B T R B N 4 R n] DU — AN R R B 0] DO S M i S T 45 A
St Hash .52 5 B b J5 BL45 6 CAT R T B 5 (KR SO B 2038 10 25080 45 74
X SAT R B HI W AT 3 Tk RIBHAF, R RIBHF LA 3 Fhe>,<,=7 Fi L FEREAT 4 F R I 7= A= ftg i AT
AR 38 7 7 9 s B2 I 9 3 0 L 208 B> i < SR S T AR A A, A X 7 30 T L G 4 2 1) SR, a1 A 0T
SR AR T DO REAMT 45 2 B — AN 1 AR 5l gk =" SR ST LA PR AF i AT 45 AR 5 10 2 SRS 5 s, JU) T L
8T H) Hash b8 B0RE T4 45 B SRVERFAE AR B — > T8

4 HrEE-HEERISN

A7 3 -1 B 3 B (producer-consumer model, {5 FX PCM) & 6 K AT Sk R 2 — & FOR e 3 B AR
I &Pl i T 1B PCMY g A 2B = R R R 2R B e R R T AR BN Z MW E T — DN B A G X 2%
Pt A 2 R T LUK 3BT AR P B 7 ON AN 28 R X T B 2R T DA AN B o X AR 2V
P L2 AT CCRP [ WU 5 0 4%, 3 2 RS — M0 T LASE T~ PCM HEAT 4301, BT UK PCM IR SE AR AT AR R 1
ARG SR TAER HIZE PCM RETF,PCM ST ARAD, 7 2% 34 0 H AR,

A Tk PCM RERS i & FIHAAT 45 PCM 38 I — AN B I8, A 77 3 B V58 rb 153 3804 75 S el 250 A2 DA
BOCBR TN T 1 — AR O R R v (K A R B 5, e T B 10 B R AT 45 X AR T I AR T -
W M B 3 s X PRI E AL F T I R UK AL 11 15X 8% 187 ) R 49 ek L 2 DAL 1 A8t — 2 7T g 949 JEL 1
FEOGBAS RGE B N 22 G 100 IR 55 24 0 55 B X R o N R IR A P T B AR AT 541, A7 A A 4%
PF p B £,(A),fo(A)—B, 2R 5 7 9 # ik 7 £(B),fo(B)—>A" A A SEFR 5E L IIAT 55 AR 5 A — X R gl v
TR AR AN, 9T BLATIHI=IALIRI=IA.

AF R D AR 2B 7 -1 SR B B TT LU Petri $A, W1 4 BTORAEPE 5 | IRIAT RS Fy 00 A KR 5 A
U AR S SRR AL FA={ala ISR Fy BRI A'={ajla;e FAY. R R AT A —
AT ay NI e B B S B i, BY = B+ AT B b U AR A B R AT 4 T S X B AP K G AT &b
B AL B S A8 5O I B0 U ay IR 2 g AS TR AL 46 1F o 72 0 I P R B 0 o LB B b o Bl & R
WG 3R T A & rf Py, Py, Py 1 25 Ay 2 77 3 10 9 2 50 Ky, P, P IR 280 0 11 2355 19 91 7% B ko, Ps A1 P [ 255l 28 o
DX IR /IS Ka, P 1T LA FH Sk 428 104 2l 38 B4 A2 10 15 3 S0 B8040 ¥ HH R Petri 99 O S ARSE Ty S IR ASCHs #1410, AR IT
T RO B B B BA S AT Ta 2N I AR AR T, A2 90 10 2 R0 A B A0 (1 B4 AR T Ts
SEIY B 50 AR T 9 S RS B

#58% 1. BDPN J& T CCRP.

T t<TO A= H HEAT S 1 UOHR A I, 0 2 SR B A B s — B4 Bl B R b B e B
Vb, b € BY™ #8 bieFA BT LA by 24 Ty P UG T4 To JON BB A7 Y BLEE &2 (50308, S 453 R > H). A 7= 2 e 3k
AT A I (R (T1)), A BAFAE AL T Ps,Po JEFTRI T4, Ts 253 (Ro(Ps, Ta,Pe, Ts)) K171 9 7 ik &% 3 SR 015,
LAl BE X AR SE Ry(T1)AR2(Ps, Ta,Pe, Ts). [ FH, 21 ky>1, HARAT Ty B B AS g 48, 84 th 2 S804 52 i,
ALV NT B DX Y 9 K AN A iy B 1.7 LA BDPN J& T CCRP. O

IR 2. LR FEE A PCM HEAT I o5 A2 42 sl g 0 B 0E s B
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vi {if(l'(f) >1.), necessary .
" |if (T <t,), not necessary
TIE I S TO b, I8 A FEAE IR A 77 2 2R R 1N 300 L 304 20 5 0T LA S8 ST A (AT 55 AR B 24 26 7 3 AT T,
AR, B N R 2 B A, T 8 T A F RIS A A 1 SR TO>t, by B 4 AT %04 A TS AT 45 0 LA
TEUATIF R EE .
W2 LR K> A T H TR R S — A T RAEZ RS BT Ty 846, B4

to<TOHh A 8= A4 552 A0 BT LA, 22 SRR 0 2272 3 PCM L UHEAT I 2 52 42 4. O
" Other producer | Producer Consumer
ke
Py
Condition Fy Data T Q?:rgl data
| souce 7 ka
A é P, Ps P,
Put data
> Change state T,: Put data T,: Consume data
]
= Or N\ P
[ Consumer 1] [Consumer 2]
‘ Consumer i ‘ ‘ConsumerN‘ Ta: Timer Ts: Change F; state
Fig.3 Producer-Consumer model with data source Fig.4 Basic PCM Petri net with data source (BDPN)
K3 Ay B R i A - B Bl 4y B A A 3 - T B Petri 1914

5 FREEEFEZE

eVl B AT A L T M R B 3 A R B, DG SR T L T IE A M DD DL AT R A P RO R A
P2
51 BEUBEEEHEL
BDPN ¥ Ty 7 30 J5 , 1 S8 A0 IR A AR B U5 L I E Ve A DR 7 A 75 o 8 v ) A W B T 31 9 2
Ak B S (R 0T A 2 L LR HE N T 2l 3 BB B T OON SRR R LATE T iy T AT n—
ANERAE Ty o 48K A A3 27 4 E0d0s 1 B0 5 58 2503 — AN I IR AS, 5F HLIE I [R5 8 (P) R AR UE 7 ) — s %) 1L
B—MEF=FHPAT ToF Ty BRI R B 501 Petri 9 (SCPN)Hi& i & 5 7R,
AR, SCPN W H [R] A 7 35 7 58 BB 7 900 5 e IR BB 1 B0 U5 IR 24, A 3k N 91 9% 2 B DA 2 )
5 ai(aie FA)HRAL T P IR S AN 2ol Ty 36 v, it HLRDS BRAIE T ) — B 220 LA — AN E P2 AT T R T 0 JXHF,
BV 2l 2 a8 — Lo R XA RS A & P EE G L. SCPN (1427 38 FIVH ol 5 AL B 72 vl itk dn 1
iR 1 A E AT R 2L Producer().
B NAT A5 UR H B R T,
B 9 B AT 45 BB
1) While (true)
{ 2) mFE#H8 mi;
3) AW Fy BIEIR BB A4
4y 550 AT B IR S, AR R Fy BT A S
5) BRI B4 ma;
6) 1 ATBONI B AT 45 A S, 0t AT 55 BA B 6, DU o A A
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7) PRHR — 2 [ B 1)
HiE 2. W RE AT R £ Consumer ().
F N o T4 A
i 58 AT 55
1) While (true)
{ 2) BT S BB — AN T4 Task;;
3) 5EMAT5 Task;;
4) {&E Task; X B 1 BHE WK AR SERCRAS

Producer
EANOL
1
Lock m1

Ti: Query data (F)

é PLl
Ty 1: Change F;
state ks
—
Pg PS P4
T,: Put data T,4: Consume data
> Ny, &
P7
T3 Timer Ts: Change F; state

Fig.5 Single condition redundancy control Petri net
5 A ESEEHIE D Petri
5.2 SCPNI#&R

I RFRP T TR BARUE FAE A A T oA, e Petri W RS HEILE J.SCPN HA H 41X
LG T i i W SR LA 1D 3K B JRATT 45 H AH DG IE B,

i 2. SCPN W & % 415 JH11.

WE B[R 2 SCPN B v it 5 AR 3T 3 i N AR ST, BT URFR IR Mo(P1,P3,Pa,Ps,Ps,P7,P4,P2,P1_1,Pg)=Mo(ky,0,
0,0,k»,k3,0,0,1), A SCPN T3 |8 AT 41, VM e R(Mo) 5 M<Max(ky,kp,ks), H :M(P) <ky,i=1,2,3;M(P;) <1,i=1_18;
M(Pi)<k,,i=4,6;M(P;) <ks,i=5,7.H1 & 3 3 1] 51,SCPN & K 24 5. O

A ER 3. SCPN W & 3% 1.

IEFA & 5 Al 41, VpeP:| pl=p°|=1, ) SCPN M J& T T_IEl.SCPN 47 4E 4 AN 545 17 BEl: [P1,T1,P1 1, Ty 1,P2,
T2,P3,Ts1.[Ps, T1,P1 1,T1 11.[P7,T2,Ps, Ta,Pe, Ts) F1[P4, T4, P, Tsl 88, VTie T, 3l e Liec | AT T, /0 8 T — 4 fii it
1 1] el 3L SCPN RIS 254 Mo(P1,P3,P4,Ps,P6,P7,P4,P2,P1 1,Pg)=My(k1,0,0,0,Kz,k3,0,0,1), JiT A4/ fidf HL AT Ji) ]
HALAEFEE  HE 1 ] %1,SCPN W 2 ¥ (1. O
5.3 PetriM4RIAE DT

i | GSPN TR PIPEMI%} [&] 5 th () SCPN HEAT Petri W AH 56 S2 i, S 86 of 18 01 Ky, ko, ks HOFE B %2, SCPN [ 1)
IBRES 2RI, BT Ky koks 0 9K T I R LB X KN, IX 73 Ut I T I R AR FIRS e Ak s
X‘EH@E k1=l,k2:2,k3=2 Hﬂ”ﬁﬂii#ﬂ‘(%? 23 /]\,i,l klzl,k2=2,k3=3 Hﬁﬁﬂiﬁ#f(%& 35 /I\,i!l k1:2,k2=2,k3:3 Hﬂ‘,ﬁm‘
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RORZS 53 AN AL 17 FL S5 vh SCPN #1873 3 ] i r R B 0EAT 45 440 40 17 88 Sl 7 22 4 | 3 PTG 20 B9 5 1 ot
KHE— LR T A 2 Ry 3,24 ky=1,ko=2,ks=2 I, SCPN TiA I 6 B, il ik br R4 f Fa M 5 WL 3%
2.50~S3 MRS A MEA B o, 1X 4 Flbr BUIRZS & BIFTA T RER) 50% A b 6] T3 v 5 F 52 1) 1, JRATT AR Sl e B
AR RPRE T I =
Table 2 Reachable markings of SCPN and stable probability
2 SCPN Tyl ik b e S RS &

P P3 P5 Pe P, P, P, P 1 Pg Prob.
So 1 0 0 0 2 2 0 0 1 0.11559
S; 0 0 0 0 2 2 1 0 0 0.162 15
S, 0 0 0 0 2 2 0 1 1 0.196 79
S; O 1 1 0 1 2 0 0 1 0.105 48
Sy 0 0 0 2 0 0 0 1 1 0.006 94

Fig.6 Reachable graph of SCPN (k;=1, k,=2, k3=2)
6 SCPN ﬂiﬁ@](klzl,kZZZ,kFZ)

54 £HLZXBEEEHEE
FAFAE B RSIIN T — AN H R 454 B okl sk HE N 25 T {145, 46 BDPN W [f 3t I
OB A Ty RS BB T MEAT T 95 20, 45 1138 XCE 45l Petri B (CCPN)FiI& 4 |8 7 TR, 7E CCPN My
PRI 45 1,2 FA or ae FA(F1)F1 aieB or ajgB(F2), 3L Fp ST FH 1) B J& —ANBEZ Py Ja) A0 &, 0) B 1)
VEAN 23 520 4 JR B I8 R TBOR I 25 AF Fo AT o IR S5 K00 Fo AT o IR AH [, 248 SR AE AT T, T 84E
{1 [r] s 30 3E [R5 mL ARAIE AN 2 R 2R T S AR, mL B AR I ERCRIRE JBOAN T AL AR 2 10 45 220 g T 1 o A, £
B 7 hESH ml XFFASE Te MEHIARRE ABEATAR IR 7E CCPN B H1,Py,Prg HIZ N 1,P1,P3,Py HIZE N
kq,Ps,P7,Pg 11 5 4 Ko, Pg Al Pg I 25 4 Ks.
CCPN [ A= 7= 2 A 2 2 AR B A5 T 3k an 1
B% 3. A AT i 4L Producer ().
N AT 4508 H B ) T
it T B AT S5 BAA.
1) While (true)
{2) InF>HE m1;
3) A WAAE Py BB BUEE E AT
4) AT 4545 1B MR 45 8 Fo 0T AT T 2 95 47 40 T AT 55 B 38 S AT 45 13 ST 4541 A 43
At Fo /5 B TS A
5) BEMCAP B m1;
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6) I Ay ATLA B AT, AT 5 BA Sl 0 5 B2 A A
7) ARHE 5 B A) 3

Producer Consumer
k1 P
Pl 10
Lock

Ty: Query data
(Fy) K
2

P Ps

T: Detect repeat Ts: Consume data

F
(F2)

P3 P7
. Te: Lock m1, change
Ta: Putdata state (F;), unlock

T,: Change detect data

T4 Timer s
structs’ state (F)

- J

Fig.7 Cross condition redundancy control Petri net
7 AR X CE S Petri M &
B 4 W E AT R £ Consumer ().
i N BB AT S5 B
i - 58 UK AR 55
1) While (true)
{2) Wi 9 FAT 55 BN — AT 55 Task;;

3) SEMAT55 Task;;

4) A8 ml;

5) YEH S At Fo 18 5 Task S IR H0HE I8 4 56 BOIRES;

6) BRI A ml;

7) MIBRAE S4B thxd T+ Task; ARG 3%}

55 CCPNM 4% &
i 4. CCPN M & F Jf R T 50 AN T 52 i) .

WA R A B AE AT T, LAY & — BB T B, i T aeB T AT 1 Ty A 013 2010 = S AR A A 2l i T, 19
Fo R0l BT LA @y ANl RS 450 8 A AT 58 Tr ZJ5 DA Tg kB e CA TR T AN a AfgiE Fy
. 53 A0, TR D [R5 B mL FR) A T 43 308 A Te A B 25 & ) P AL A PR I, 27 R RE AN A Py, B AN A
Ak T3 Py S G A o A DN 1R 35t BE Kt T LA, CCPN AN 43 #5271 54T 45t s 3 6 1] %1, CCPN I Jag - JF:

RATEAE L ) 8.
fir@ 5. CCPN ¥ /& %241 Ft (1.
UE B 1 T B 3 R AL T A 2.
A ER 6. CCPN W & 3% 1.
I B <% U ) 3 R AR T 3.

O

O

0

g LTI ,CCPN J& T- CCNRP, H & & 4 FH RGP, e 0% 1L ff w2 W f2 7+ 1) CCRP 7). { A PIPE T .H
X 7 i) CCPN W B AT Petri )5 L, 1T LAAS 21 5 W 10 1T 328 b 1R B R AT ik b R4 ) L 45 R 5 ] 6 FIR 2 540,
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S 45 BT DAIE— 25 B0 AE AT S S0 A AR S
5.6 BEILLLE
PG I e A A ) A e — TPl R BT AT R 0% S IR A X o 7 2 R R A U AR A A O B — AN I
PR AL R IAEE T, 1] g H A 26 72 15 76 A8 H X AN B0 U5 1R AS AS VS B8 5 A0 A8 Be— AN 4 R I B e 45 0 7
BLRER AT R AR, L Gn 8 [R] 250 B 2 S ) 5 DK 1A 328 2 0 e 2 2 TR U, SCPNL 3 FH T o B8R IR RDIR 2 A F
S 0 FLBCHR T ) ARAN B AN RS 10
A XEE R 1 R AN 75 G SO R A I IR A B SCPINY 2 — VR B0 Y8 5 o, FLAA 3 FH A 1H 2 388 n
T BRI S5 B 2 I NAE S B A, N T AR AT AT Py IS ANREHEAT T 4, 8GN T A= 7= 5 F 2%
F 2 18] TR 253X b Y 58 TR 25 4 5 4 R A8 St [R) 25 AR LR AR 8 /N .CCPN [ 85t i 2 SE ik 2 A 0 2 o B2 2% (AL
% 3)
Table 3 SCPN vs. CCPN
% 3 SCPN L CCPN tbig

Temporary modification Added data

of data source structure Complexity Adaptation range
SCPN Need No Simple Changeable data source and low cost
CCPN No need Yes Relatively complicated All the range, good generality

6 SRHLERS5HIE

6.1 SKIGINIE

KF CH+il 5 S T — AN 58 BUMR B AT 55 1A 35 T 50008 R 0 20 7= 3 -1 2 B R R 3 FRVE AR
Forb T8 R S M T BDPN, B 4% £ O i 1 A2 45 R Y T SCPIN, A8 X &2 4% kB T CCPNL H
Sqlite3-3.5.621 ¢ i 44 Vs i H ACE 5.61°F1 OpenSSL 0.9.80221 i J2% 12 S I 4 P 45 BHRI N A% 25, 4 At A8 LT 5
P Sk (4 I H It T Hash 52848 — & Intel X% E2160(1.8G),2G W 17, % %% Windows XP SP2 #:4E R 451K
PC Bl I 58 F sz 56 M Jok 2020 R i 2 ST A B K/ W38 T P2 % 10 AN FEIS AN A (R AAT 45, L3R 4.5 1 T4
PEBR FEIT tO M 3.35~13.85 AN, B FEIT 75.7328; 58 2 44T 45 SCAF /N KBRS M 0.0315~0.1565 A4, R AL
1.014s AT 841,10 /AN EAAT 5538 i 52 R O A 55 b IR T 22 ORZE B0 s b 48 A J30 A 45 AR 4R . 2% 1E BT
F-FERT A — B M BENLYE AT 10 YRSEE HOF S AT J5 225250 vh BR 3 6.4 1 AMAE FH 3 1 4140 7 Wik

Table 4 Basic testing tasks
F 4 FERWRAT S

Group 1
Task No. 1 2 3 4 5 6 7 8 9 10
File size (M) 55.4 157.3 49 137.4 88.9 136 123 142.4 55.8 201.5
Consuming time (s) | 3.3392 | 11.1779 | 2.8328 | 9.0905 | 59142 | 8.7982 | 7.9955 | 9.3296 | 3.4515 | 13.803
Group 2
Task No. 1 2 3 4 5 6 7 8 9 10
File size (M) 4.355 4.107 2.412 1.47 0.881 2.976 2.464 7.051 2.731 1.815
Consuming time (s) 0.156 0.125 0.078 0.047 0.031 0.109 0.094 0.234 0.078 0.062

6.2 HEESFLEERSHELESES
N7 AR B, R R R R A A PR R R 2 A 55 BA AR K, 0 S8 A 10,20,30 N IEAAE S5, L

control). &I R E L = H(single control). A& X FEEZ ¥ Hil(cross control)ix 3 Pl ikt 4T MR, F27F AL 3 Fh
SVEINAT 58 5 # e % 1E A M O S SCAF AR 58 A [RIAT: 25 (R FE I 17 4 a0 1) 8 T s,
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140 450 (—— - - 1000 - - - -
1200 | —+-- No control 400 —+-- No control i —+--- No control
' —a- Single control 350 —&-- Single control || 800" — & - Single control
100 - —+— Cross control 300 —+— Cross control | ' —+— Cross control
T B0H) Ay oot 250 Z 600
e e - c e ]
60t W 200 - 400,
201/ 50 -. 200: g —0—8 0 O -® Bt —a=-
oL . . . . : 0 ; | 0. . . L A .
0 100 200 300 0 100 200 300 0 100 200 300

Query time interval (s)
(c) 30 Tasks

Query time interval (s)
(b) 20 Tasks

Query time interval (s)
(a) 10 Tasks

Fig.8 Consumed time of completing different based tasks

8 SERAN TS5 IUAE I ]

MNP 8 1T L H 2 B AT 55 (7 R TR o /D TR EEAT R AR A R ) TOCY ) 5 BE 3)H, Single
Control il Cross Control 5745 No Control 51235 £ b5 2 i 0 1R), 9 & B8 42 5 45 550 92 4 o o BLACURE I )
ASFC ) SN 7 38 o 0 8 2328 /N4 24 () i 1, 1T LA 2200 AN 1. Cross Control 37 18 5040 45 4 A1 7] 25y
ST TR B AR /N, — 3 FEIN 22 B K 24T 45 B0A B 30,8230 I, T 43 45 i 6 vk 34 20 R I 1) (RO 4R i b)) 5 3.6
52 2.2 t>TOI, No Control 573t 45 e S 1) AN FRARFE I (KK 1 18] 9 25t T AR 45 15 0l N 5 550 5206
o IR A T B UK te<T O No Control 5347 7 W 2 ) 75 52 15,7 ] 9(c) M1, 24 t=30s I 42 T 57 vk %k

%1k 94 Y%;1fi Single Control 1 Cross Control 55 %A UL — R EH 1H 5.

Query time interval (s) Query time interval (s) Query time interval (s)

(a) 10 Tasks (b) 20 Tasks (c) 30 Tasks

Fig.9 Repeat times of completing different based tasks
9 SEMUANRMESS B AL TH SR

6.3 EFBRESHAESEH

T - - - - 40 — 1 100 . . - -
6 — +--- No control 35 —+--- No control — +-- No control
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@ 2 @ 04
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i 20
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3 3k A A (K H A 5 B A ) 83 I 1), T PR SR 55 9 5 S, S=T(H)/te AR 55 50 S S T i inf
] AR 55 B AR A, 70 AR e R R R ). AR R R AR AN EEAHIX 3 Mg ST A RS

o B R R A B MR g5 R an i 10, & 11 IR,

M 10 7] LU H:No Control Bk T 7E50 R NGB GEGS PR IFE— AN BRAR KIS FEAD, LA 15 DL R #RBEE T 5%
R P 5 R M S X A A R R U (R Y FE R G g B T AR S R ST o, 45 WSR2 7 Single: Control 1
Cross Control 7% G816 — B IR REAE — A FRAR A B, LR/ LS AT 6 10 8 215 00 B 11 BoR 70 AR [RMT 25 98 5 4%
7~ ,No Control > Hi 3 F 5 A & (1) 5 5 11 &, 17 Single Control F1 Cross Control 5. g A A i v Ik EHE
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. —<— No control (10)
800 —a— Single control (10)
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= 400 = B — & - Cross control (20)
=" _a =~ No control (30)
200, SEeaMET B “ {3 Single control (30)
ameo— o = Cross control (30)
0
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Fig.10 Consumed time under different task strength
10 ANFAESS O T IIFENT &
100
—<— No control (10)
80 —e— Single control (10)
3 —=— Cross control (10)
£ 60 — - No control (20)
= — - Single control (20)
S 40 T — & - Cross control (20)
x . -1 No control (30)
20 Gla - Single control (30)
0 o # - Cross control (30)
0 2 4 6 8

Task strength

Fig.11 Repeat times under different task strength
11 A[FEMESS IS T v

6.4 BEHEEHRTXEERHEZE

BRI 1A BT 55 FE R R ANE T3 b 9 P B35 I A Al 2 ) R AT 32 P 38 2 A s, I AT 45300 20.
HSEHE T Single Control F1 Cross Control BVETEAN [ 4 7= 2 AV 2 & AR HC T (WIN 48, i & 12 fros. 3L
1,Cross Control S5 5] by 388 i 1 38 1) 2508 5 A T R) 20 3 1l A 22 200185 0 1 FE R 220 & T Single Control 532,10
& HMHED KL )M AEA IR 2 B RE I AR 773 (ko> 1) R 22 ZR R 21 3 (ko>1) ¥ 51256, Single Control il
Cross Control Hy:# A I HELNE.

Tsum (S)

25— 2.0
—+— No control No control
=& Cross control 18 — &+~ Cross control
204 ' - 16
g 3
\ @ 1.4_-_9 g T e
15 e U | y
TR - 1.2
ol 1.0
2 4 6 8 10 2 4 6 8 10
Consumer number (producer=2) Producer number (consumer =2)
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Fig.12 Consumed time under different thread number

12 RIAZLFRERT MR K

FEASZ (KBGO T B Yt 1) 5 i L ARAR Dy 17 LR AT P ot SR AE AN [R) B U507 W A QAN 10 I R, AT
N G0 T ) B 5 ) S I A5 1 A o SR AR AN [ AN (IR, A B 13 B . o el R B B U 1) X
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A 1 5 W 48 LU 58 K Bt U7 ) 8 B 49 384 00 AT 25 16 58 s TR S 348 s {H 4%, Single Control 45732k (149 344 4k 5 2 1
5T Cross Control Z3¥2:, i B 45 128 S TR &2 458 il S0 AE B s IR U ) AR AN 4w 1A o0 T B3 — @ A 34

55—
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4.5| —& - Cross control
4.0
3.5
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20| ="
155"
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Fig.13 Consumed time under various accessing costs
13 AR Y s el A TR BOFE I &

7 MXIE

R 2 AT AR R 2R e A2 A7 305 [) I 4, b B A7 13 1) G 5 2 B 52 4%, 0 1 5 40 . SCIR[1]
T8 Y BRATT T BT AN HERAE T U BRAR 1 O S g AR AR SCHR[AB] AR SE s I AT AT 1 4 4
T AT I AR PR RE VLA I T vE AR, S v 5 5 52k il s 1 O AR e P R A 1) U . SR [23,24] A
AT A BE AL DB 38 4, 150 25 20 MO 73 ol T AE I ] RE A0 B A b R AT B oK L A B o, 2 i SRR R
U, SCHR3,4,251 99 3 K 44 5 AR 7 RV £ % B0 3% 4 i) JELREAT 3D 2% 40 W7 R4S 77— 52 1R R AR e 3
P i) SRR R T A A5 AR AS AR R AT AR T e B — RO RBL AS SR HH ¥ CCRP i i 40 52 4+ 1)
FLG B 45 R B CCRP W RWRAT 7775 i 5 4, SR I 75 75 mT AT T 0808 38 4 i .

SCHR[LTIR I DS 550 RS I R PRI T I AT T A 4l SCHRIBIAEHT Petri W oxt 2 e e B I e Pk
AT ERASE, PEA 2 AT T8 WO R TR JF R T C2Petri TR S C 2 £ H2 )7 B 2 2™ Petri I SCHR[6]1E B
THE G IR T Petri [ HRRTE 1L S- 1 9 [7] 25 15 pda S5m0 45 2, SCHR[OT M 45t ] DR [ 25 & Bl VR 3 1k
HTCHCBAR J5 5 Petri W HEAT I KRS R SR AT ST R 38 A7 SCHRL7,10, 10155 A 30525 DAL SCHR Y Petri 1 4134 05 2
ANT7 3 0TI vt S B ) A S LA T 0 #r

T 0 TR TV 5o LA 2 7 F I SV K T I8 K IR 55 1A 5 5 DA TISBE e 17 % [R) — A% P B4 T
Z R S5 T RIS 2 CCRP [ — MR B, 3& S ME— A )3 1 AR R DULAS SR I AR PR 26
PR JE AT S BUNE RV FIGEAT T RGEWIL 40 0 T NP SR 0 T4 £odia i [ 20— sk . e
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T RAE LN R TEREV SEALBE AR ROR, R 2 U R 2RI I R A AT T I R R P i i
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ARG AFAE ORI I e 2 P SR, 3k T Petri WUAE T AR K 9 A5 PR 20 #5656 25 AR WT:CRCM 1l LA g
Hb 53 AR G RE 2% B T SRUE 5 R A P A% P A S T 3 A e D T DA ) I A AT =24, (ELAE Ko 5t U7 i)
RO BRI LT 2 A PSR BT — 52 (K03 JF B vl 557 A i) R PR T A R T Bk 576 49 I 8L A R 0,
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LT CCRP [ Il 5 #46. ZHLIFA CRCM [SLHL, T CCRP (1 %5H 3 4 Mt 5 A G .

© PEBEBSAITT  hip:/ www. jos. org. cn



T FoOrRH B E LA a4 7k 2977

Bt R B A VD AN A AR ) S B UL LR I K T R A AR R A .

o

References:
[1] Lee EA. The problem with threads. Computer, 2006,39(5):33-42. [doi: 10.1109/MC.2006.180]
[2] Zhang LB, Zhang FX, Wu SG, Chen YY. A lockset-based dynamic data race detection approach. Chinese Journal of Computers,
2003,26(10):1217-1223 (in Chinese with English abstract).
[3] FuH, Cai M, Dong JX, Jin X, Gong Y. Enhanced data race detection approach based on lockset algorithm. Journal of Zhejiang
University (Engineering Science), 2009,43(2):328-333 (in Chinese with English abstract).
[4] Marino D, Musuvathi M, Narayanasamy S. LiteRace: Effective sampling for lightweight data-race detection. ACM SIGPLAN
Notices, 2009,44(6):134—-143. [doi: 10.1145/1542476.1542491]
[5] Li XO, Medina JM, Chapa SV. Applying Petri nets in active database systems. IEEE Trans. on Systems, Man and Cybernetics, Part
C: Applications and Reviews, 2007,37(4):482-493. [doi: 10.1109/TSMCC.2007.897329]
[6] Zeng QT. Behavior descriptions of structure-complex Petri nets based on synchronous composition. Journal of Software, 2004,
15(3):327-337. http://www.jos.org.cn/1000-9825/15/327.htm
[71 ‘Yamaguchi H, El-Fakih K, Bochmann GV, Higashino T. Deriving protocol specifications from service specifications written as
predicate/transition-nets. Computer Networks, 2007,51(1):258-284. [doi: 10.1016/j.comnet.2006.03.011]
[8] Kavi KM, Moshtaghi A, Chen DJ. Modeling multithreaded applications using Petri nets. Int’l Journal of Parallel Programming,
2002,30(5):353-371. [doi: 10.1023/A:1019917329895]
[91 PuF, Lu WM. Preservation of liveness and deadlock-freeness in synchronous synthesis of Petri net systems. Journal of Software,
2003,14(12):1977-1988 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/14/1977.htm
[10] Llorens M, Oliver J. Structural and dynamic changes in concurrent systems: Reconfigurable Petri nets. IEEE Trans. on Computers,
2004,53(9):1147-1158. [doi: 10.1109/TC.2004.66]
[11] Ding ZJ, Jiang CJ. Verification of concurrent programs by temporal Petri nets. Chinese Journal of Computers, 2002,25(5):467-475
(in Chinese with English abstract).
[12] Yuan CY. Principles of Petri Nets. Beijing: Electronic Industrial Press, 2005 (in Chinese).
[13] Wehler J. Petri nets. 1999. http://www.pst.ifi.Imu.de/personen/wehler/
[14] Reisig W. Elements of Distributed Algorithms: Modeling and Analysis with Petri Nets. Berlin: Springer-Verlag, 1998.
[15] Home of fundamental modeling concepts. http://www.fmc-modeling.org/
[16] Douglas CS, Stephen DH. C++ Network Programming, Vol.1. Massachusetts: Addison-Wesley Press, 2001.
[17] Silberschatz A, Galvin PB, Gagne G. Operating System Concepts. 7th ed., New York: John Wiley & Sons Press, 2004.
[18] Gramma A, Gupta A, Karypis G, Kumar V. Introduction to Parallel Computing. 2nd ed., Massachusetts: Addison-Wesley Press,
2003.
[19] Bonet P, Llado CM, Puijaner R, Knottenbelt WJ. PIPE v2.5: A Petri net tool for performance modeling. In: Proc. of the 23rd Latin
American Conf. on Informatics (CLEI 2007). San Jose, 2007. http://pipe2.sourceforge.net
[20] Coffman EG, Elphick MJ, Shoshani A. System deadlocks. ACM Computing Surveys, 1971,3(2):67-78. [doi: 10.1145/356586.
356588]
[21] Home of SQLite. http://www.sglite.org
[22] Home of OpenSSL. http://www.openssl.org
[23] Voung JW, Jhala R, Lerner S. RELAY: Static race detection on millions of lines of code. In: Proc. of the 6th Joint Meeting of the
European Software Engineering Conf. and the ACM SIGSOFT Symp. on the Foundations of Software Engineering (ESEC-FSE
2007). Dubrovnik: ACM Press, 2007. 205-214. http://dl.acm.org/citation.cfm?id=1287654
[24] Boyapati C, Lee R, Rinard M. Ownership types for safe programming: Preventing data races and deadlocks. In: Proc. of the Conf.
on Object-Oriented Programming Systems, Languages, and Applications (OOPSLA). Seattle, 2002. http://dl.acm.org/citation.cfm?
id=582440 [doi: 10.1145/582419.582440]

© HEBEERAET hipd/ www, jos. org. cn



2278 Journal of Software %3 4R& Vol.22, No.10, October 2011

[25] Prvulovic M. CORD: Cost-Effective (and nearly overhead-free) order-recording and data race detection. In: Proc. of the 12th Int’l
Symp. on High-Performance Computer Architecture. Austin, 2006. http://doi.ieeecomputersociety.org/10.1109/HPCA.2006.
1598132 [doi: 10.1109/HPCA.2006.1598132]

[26] Palm R. Synchronization of decentralized multiple-model systems by market-based optimization. IEEE Trans. on Systems, Man,
and Cybernetics, Part B: Cybernetics, 2004,34(1):665-672. [doi: 10.1109/TSMCB.2002.806488]

[27] Raghunathan S. Extending inter-process synchronization with robust mutex and variants in condition wait. In: Proc. of the 2008
14th IEEE Int’l Conf. on Parallel and Distributed Systems (ICPADS 2008). Melbourne: IEEE Press, 2008. 121-128. [doi:
10.1109/ICPADS.2008.98]

MF i 322 2 SOk

[2] =B gk AR BT, LD NI R 2 B T AR 1 3l A B8l 3 e R I 7 v U T ML 4% 41, 2003,26(10):1217-1223.

[31 &k S5, T A AE, B AL SRR L T AR O BTV 1 1 SR R B 5 A A U VR BTV R A 4R (124 ), 2009,43(2):328-333.

[91 ¥ % FhidE B[R 20 & pk Petri W 2R 400 1 55 JE AR B Mk (¥ OR 7 12 K1 2% 41k, 2003,14(12):1977-1988.  http://www.jos.org.cn/1000-
9825/14/1977.htm

[11] T A7 B IR R RAE IR Petri [ 7% 315 HL23R,2002,25(5):467-475.

[12] 325% C.Petri 5 BT 55 R AL 52 v 7 ol i 4L, 2005.

151%(1979*) D AT N - A R o
CCF %445 B3, 3 B ST 4800 2% A1 5 it
S, Petri 9 % I ,P2P {4k,

FR 18 = (1933 —), T3, B09%, 1 1 2E G0, o
[ b2 e e =, v R Bt e =, CCF w4
25 B3, EEAF AT AT N ) 4 48 R Ak

TR (1981 —), 53 L, A T AL A R
u”ﬁ‘é%éé%é.

AR (1966 —), F Tﬁﬂ: Bz RS
i, CCF R 4% b, 5 TR 5T A0dal o4y 168 5 4
#,T*ﬁl—iﬂ%l—],bﬁx Web.

© MEEEERRAEIFTIT hup:/ www, jos. org. on



