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 OE eAAT ERIEAKALRNE Petri AT EHHAK S M A LN T, AEAT AL (1) R EMKRLEL
BY 8] Petri W R JEHAME S 6§ PAT I 8 - — AN B R ALY HE 0L, T £ % 69 52 IR 5 ) F B ANME G4 AT BT 18] 2 12—
ANRESEE A, B bR AR 2 5 A (2) JEA S ILAAE SR 4 1B B B X 1) 4k 6 SRR 1] Petri P 89 B Sh4E40, MR
F AR AR ; (3) ZA % JBAES5 1A 77 Fl £ F R ZH L. Ak, LT KK 8 Petri M (Pri-TPN)
ATRANE | AR B SUF A KR Be 548 5 B 1E SR BB (TDG-RAP) A RANE 3 ANTRE; 4 ih AL TDG-RAP
3| Pri-TPN 6945 LHLIN) 5 FE A TRAMNE 2 AR, VABIA T Pri-TPN S ATE - R IFHATH 18 5 £ e ie ok, -
R I BB AR AT A RAEA.

KRR TP AR B AL R % KAL) Petri F; 7T 3K B AR 44k #1 B) ; RIRATET 1] (WCET); 7843
FEESES: TP311

1 ATRE R KL, XIS R, FAESEE, 2heks, o, AR, IR, 35F0t At (aIPetrilo S A R 2 B4 R S04 HT. k24,
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Analysis of Real-time Embedded Multi-core System Based on Prioritized Time Petri Net

ZHANG Kai-Wen', LIU Guan-Jun', SUN Yan-Tao', LI Xiao-Feng’, GUAN Jian®, XIE Yi’, GU Bin’

'(Department of Computer Science and Technology, Tongji University, Shanghai 201804, China)
*(Beijing Institute of Control Engineering, Beijing 100190, China)

Abstract: Existing work on the analysis of real-time embedded multi-core systems using point-interval prioritized time Petri nets has the
following limitations. (1) Point-interval prioritized time Petri nets only consider the case where the execution time of each task is a fixed
value, but in many practical applications, the execution time of a task is generally within a range so that this kind of model cannot be
used to analyze these applications. (2) There is a lack of automatic transformation from task dependency graphs to this point-interval
prioritized time Petri nets, and thus it is inconvenient for engineering designers. (3) The case of mutually exclusive access to shared
variables has not been considered. To address these issues, this study defines prioritized time Petri nets (Pri-TPN) to overcome the first
limitation and introduces a task dependency graph with resource allocation and priority (TDG-RAP) to overcome the third limitation. It
develops algorithms based on Pri-TPN for analyzing the worst-case execution time (WCET) and system deadlocks of tasks. Additionally, a
tool software is developed to facilitate its use by engineering designers.

Key words: real-time embedded multi-core system; prioritized time Petri net (Pri-TPN); reachability graph; task dependency graph; worst-case

execution time (WCET); deadlock
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4124 HAFFIR 2024 F5F 35 5% 9 &

e LEHRA N R G BEIIE K, B RGEER 2 R, T RIERER, 2R F0EERNLEL
B AR R BT R, SR RN IR SRR, Ak, ARSI BL 07 R A P AR YOS . Wl GRIEE R 5 M R SR TG
SEE S I ELgE A ST PR R A ), H ATIE SR AR A SR T B Rk, T RGOSR, T2 RS L
FRAE 55 43 T A2 75 16 J2 SR 14 20 R FLARE R A TCAEHUR 50 L EE ().

KT 2 ARG BN IAT I 7] (worst-case execution time, WCET), S 7A4E 2 M AR R ¥, B453 T il 5/
B VR B A M2 I vk, X e VR AR ERA M . 2 2 MRS P O T B LA A5 SO R R . LR R A
9T AR T4 M3 A (directed acyclic graph, DAG)™, {# ] DAG BT 45 2 I8 IR K55 2, TE45 5E HOR 1
BE TR EUESS I WCET, AT I W12 753 2 R B TH R, 1L TAR R IR IR AE 5% 1 i 0C R B 1T 5, a8 JR )+
FBEBEHT S KR, BB % FRAT 59 ARG, ULRAT 55 B S 2. 53 —Fhor S b 757 B0, b i s ) )
TESERF R GU M IR I E 5 P RR /A R S R R A,

Petri [ 15y A T BE0AG I 1 — A QAL B BEEE 5 71, bt B 20 SRR (1 5C R O R R 35
H5®RESBCER R, T2 N T 2B 8N 2% R G B E A AVERE 4 4. B TA) Petri 2 — s 4%
Petri W, 51N T B IE]E 1, 38 A T3 R G0 b 505 [RIM DS A4 T . ZERE E) Petri W9 U ep o F 43— AN AR E L T
—3%oF A7 B R TR N [R] IX 8], DX TA) (R 55 B 550 i 26 7 AR S A R 21 SIE B e A8 it 75 22 1) e R R e K I [ T
AR A By [ R AE R B AEIR ). FERT[A] Petri W B —ANIRES R, ATREAFETE 2 MEREARIE, #IE 2 [A] 1 7] i AR I [ (78
ECERNT A1 5 B & 5 S R A X A I Z210) FAEASENT, H0 AR AR IR R AR, K B MR B — AR fl k. ok
BRI REEAE S — Sk iR B, T 25 IR Jadk, X T2 4 BT 515 5 FARAT 55 56 4 0] — W R SRAS AR S i
HR, RE0EHE W T e A1 i Aegk, DI AR 56 R I [A] Petri 9 BEE & RfiR LR A2 R4

TEZ AT FE Y, 58 T 2 Pl 6] Petri W4 & TE AR CRIIE 5 T2 PR R GEATIE SCH—SUHE, O 7 RE4R 5 0
T E S ST S5 B AW S, 78 FE T 813 25T T I AN S Bk s AT 45 M e 75 R U577, [l h A AN AR3E i R AR
X 8] 52 SCA—AS BRSSO SR X ], 2R ST 55 1 e R BT I 1) R b i R 1 v )1, 311 538 4
O IO HTAE S5 B R PAT B ) (BAAT I A2 A mT B gl o e A R 1 000 ), (LR ) PR B A i s J2 B A A 55 (R A g o
Z; [y s X ] P48 08 77 205 H I B BE AT LA 25 1) i AR 4 U

AR T 28 LA R 5E S A5 X TE) A SE 2RI 18] Petri X U522 AR S S AR AN, DA vk ot T SR R 48 FHAF
25 Wk BN EE AT 55 S5 AR 58 PRI TR AR R T IS, FRAT TR AR e et 8] Petri W, &AM 18 T A& 40AT
B S RN BE 5 2K, i J& T AT S5 AT B IR PR R 2R A X Ao VAR 3 A 25 e A IXC T S — AN [R]5E Bl T AN & — A
5 AR, DA b W R 3 R LT 45 0 % A8 S0, 38 % FRAT 45 2 1) A 3 R ML, Gy 4 P 230, A ek, AR
PEMERE S HT BT 3R, T8 SRR I 25 R AR X TR] D SEBR 28 G0 AT 55 1) e AR AT B AT RR e R B T B (1], 4 B A XA,
X FARE MIRTG R AR B R AL R SR I 1) ] DS R], R S 2B 1) Petri AR EL AT B SR V) R AR RE 7, DA R IR
SHTRIRE 1. W TS, fE 2 RS, BB B RS0 PR A B A, — Pl ORIE A RS 2 ] 1) L2 %
PEVT ), 55— P ARAE [ — AN R FR AR R AL BT ) Y, 7R 1R 2 R AR R R b, 7 B R IR R AL R
L5 [A)AH D% ) /1, 3 5% T SEI R G0 2 T, T AR SCH IR S G TA] Petri Y DA K AH I [ 4 5540 At P e 6 i
e i) VAER

A 1 WA LR AN S, BRI SIKEUE . Petri WAL I IE] Petri M, 3545 A0 S 22 18] Petri I 1) 52 X
5RAEL, T R WCET HE . 288 2 TAB— M A IR B 5 0 e AT 45 O I, F45 X AT 5%
ARG B B S 2B 8] Petri ) % 300 5 S B S0, 28 3 19l — /N SEFISRIGIE R Y . VA IR M LR B F
R TR AR, 5 4 5 85T I [8) Petri PRI i P 7E S RG0S5 5 79 M 07 T O AE 56 LA, 28 5 1Rt 4 s
MGEIF R R — P TAE.

1 RSERETIE) Petri Y

AT AL B X Petri W B (8] Petri (W BL K& AL S 24 18] Petri I (prioritized time Petri net, Pri-TPN), J& 7= #1{A]
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I 5 A T4 AT 1) Petri M 49 AR S M & BT 4125

{# F Pri-TPN SRR R I L2 2 AT S REL, B R IR (AL EESS . 8 M BE 53 %%, 3545 4 Pri-TPN [k
BB E LR EETIRES KBTS, 115 WCET MIEVE. N & HARBUE, R Z50HE. & LS X b
I={xeR|la<x<b},iCNI=[ab], X8 | I=a, 11=b.1ERIELEHAX LS.

1.1 Petri ¥

FEX 1. —/ Petri W2 XN 4 JU4H (P, T,F,M,) , o P AFERT (place) HI4EHA, T NARIE (transition) FIEER,
PNT =@, FC(PxT)U(T X P) Niix% (flow relation), M, N¥IEHRIR (initial marking)!"™.

WHEK N =(PT,F) i A— M, ¥ (N, My) it —4 Petri (. — Petri W] AFAVE— N 10 =0, Hf
Pl B )15 S ARER FE T, A LI S ARRRIE, R R S A HE IR R R R, e — M xe PUT, T x
T IR E LN x={ye PUT | F(y,x) =1} , JE 4k 7E L Hx" = {ye PUT | F(x,y) = 1} . FEFT T IK /N BB SRR PEFE
(token), FLH £ AT P I — /N0 A5 Rom — AR (marking, Rom RELHT—NIRES), Petri W AIAR IR AT DA 4k 52 X
N—NEFRE B —NMEEM: P> N, M(p) Ban—NERT p £ M TR IRINFEE R, AR - RERSE. @
RVpet: M(p)>0, WIRARE  TEARIR M RARE, BHZARIEIRIFRAERL, 10N Mry . 75 M N RAEMREMAITL ¢, 77
EFERIR M, B E MM, Fib M BSRIBINR: (DM (p) = M(p)—1,¥p e i\t ; Q)M (p)= M(p)+1,¥p et*\'t;
(3) Hoth: M'(p) = M(p) . \ M HUR T Wl IEARIRE A EAE ROV, M) . WRTEAERRIR M T, NS # A H FE I
B MAREIEFFR M, , Bl M # M, AVt e T : ~M[ 1), WHER M A Petri W F—/MES] (deadlock). W14 Ik e N,Vp e P,
YM € R(N,M): M(p) <k, BRIt Petri L k 45 710, 24 k=1 B, WFRIE Petri (X /2 22 4211 (safe). A X% FE 1) Petri (¥
HB R A,

1.2 B[8] Petri ¥

TE X 2. —/NEE] Petri 0] LA BG4 (P, T, F,M,,ST) KFEKw, HH, (P,T,F,My) N—" Petri M, SI(t): 1€
T — 1 FoR I Petri X AP ASIE ¢ (0§84 R A2 X 7] (static firing interval)!™),

En(M) E/EFRR M TERERIT RS, (M, h) FRET ] Petri W) — AN REIRES, 2, b En(M) > R 2 —
ANRAF R AR T 1) 55 AR5 B[] PR AT B LS, () 3R ZR3T ¢ 1 DA RFIRF I, 29705 ¢ Rill MR fSERE, 9 H O %
eI TR ZE 1 ARIT RS R AR X (B A, FRARIEEARAS (M, h) TR AR,

1.3 HHMICRAIBTE Petri [

EX 3. —A Pri-TPN &2 — 7 5ol Z = (P T\, T>, F, My, 51, Pri) , 229, (P,T, UT,, F,M,,SI) N— - [A] Petri
B, T, AARTTHER AT S, T, AT HGEARTSE, H = F ARAIAS; Pri € (T, UT,) X (T, UT,) RAREZ S R U

Ejit(a] Petri AR, 2B — NEETE— MRS TR AT R AL TFEAZES KA P AL R, N T
I, AR SRR —ANARIEAER Se G BT 7] Petri B (1) — AR T2 WA LI (schedulable). F314b, (t),1,) € Pri W 1, 1R
FmT 1y, 75 Petri B IRATEH BT RRBIE MRS, BUEB R gl 5. R SR Lm) I7) Petri W AR 77 1E
PR AT R R, A S = (M, h, H) Tt 26 B 18] Petri WM —ANIRES, HE) :te T, » R Fon Al S840 T HEtE Al
{1 LSRR BT ).

(1) $ 58" FRMIRAE S = (M, h, H) Zid v DI EEBERE S = (M1, 1), RFRE TR H A S L 1
PR, TEARR M R BT (e AT, e OV AR IR [F) 25 19 hn, [RIE, 25 A7 REAT AR A A5 R AR, A4 BT H
U7 BT 1) 0 AR R AN, B

O M=M;

@ Vi€ En(M): () = h()+7 <1 SI(®);

® Ve TL\En(M) : H'(t) = H({) .

(2) § 58 KRIERE S = (M.h,H) TR t FIERES S” = (M HY) , B 58, 184 ATFRR T, A1 A
I 5 RABITAAEREL LR, MR, W2 BT RA; MBRIEFH SRR, BRAEZRIT r 24078 E—
B AE, A2 3% LeARE (1) O AR I T AR A AR, T ASIE ¢ MM A 7E B A R AE AL AS IE (F) O & 45 I 8] & i o B
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0; N RAEJFEAARR T BA K AR ST AR FARSHR IR T 3R R AR, BIA TR EX /02T 8 T A o H A8 iT
W AR ARAE, ST AT ARIE, M b IR R I I 4 B2 15 R AE (Ho(H) = 0), X AR HERARIE, OL%
RIS TRy 0; G SRAE JEA AR IR T W RA KA A AT AR I A B AL R, I8 A E K 4RI A2 0, Tl £t
AR TE U 0 35 2 B LA RR I ], B

@ te En(M);

@ h()eSI);

@ Ve \UT,; WHE ¢ € En(M) H h(t) e SI), W (¢,1) ¢ Pri;

@ MHM ;

® V¥ e En(M): R v e En(M) Hor ¢, W) =h(), EM (1) =0;

® Vr ¢ En(M): B¢ e EnM)Y H.r €T, , M () =H), T H (r)=H{Y);

@ Y ¢ En(M): W v e EncM) Hor e T, , M v (#)=0;

VY e En(M)NT, Bt #t: W v ¢ En(M), W H' () = h(¥') .

T A — AN ] R PR T SR X S 2 TP AR AR R AR SCHT B X Pri-TPN FRIAH G,

B 1 = AMIESE S 7] Petri W, ZEMIZRIRTS A(p, =t = ps =1, — pyy Py — 13— ps — ts — pa ), AMERIR
£% B(pr > t; = py = ts — py ), Fo, {t} AR, HSTOAETE RN, BRI A T HR AT 4R,
ORI, R BIRR B2 — AN ECLE R — A B8 EIBE N A FMT 4. T4 A gl 98, s 114 B. 1
B 1 Brs Pri-TPN [I4EFR IR T /9 10-15 ANF A ERAL A 0] K A AT 1 BRBMTESS A, 75 8—12 /M [A] BRA [) 7] K AR
AT 1o WENE S B, A5 A FMES B 7] LMZHEA R 26 5 007 K AR (5 R X TR 6 22N R] Petri AN R], AT 5540
AT B [0 [ 22, 4 20 AT 25 (1) — Lo AT ), IRETE 9 AN IR B JG R AR BIE 4 , T BRI AT ¢, IE AR R AR, BRI
T4 B A5 A B AR YA AT (RN, RAEZIT 1), 1£55 B 752 9-10 AN IA) B A REAAT 52 B, 7R BEIIIAESS A
Wil R (KA ). HTFAES A KR E TS B, FTUMES A iTLUE S8 8 ¢, (KAL), SBITES B
B AERD (2 BIRTEPS LTI, TEAT S A PUAT SRR UG ELER IS, 1155 B 4REEHAT (£ IS B AL A0 BB 716,
[10,15] [8.12]

]

[0,0]

[9,10]

1 —ANAE A RGNS 2 (A Petri %]

14 fE£R Pri-TPN FRRSECAIERS S HiR6IF

FELZIAFT, FAERIRTE S 5, IEH BT LUK = R RO RE, B UER M RE, 220G
FEA. N H 2 ORUEIE 2 BORAE AR RO A A, R — AR mT DAV i), — P B4R 55 T LAAT Pri-TPN 380K,
Forp i 2B R BUR B 8. £ 2 R Geh, W Linux, B eI SEI 77 200 28 1 4t 5 B B e, £ 8
BT SR BPIRGL T, 0T BB, Oy 1 RAIE EL R, 6 Z0AE Y 2 Al AL BE 48 B rh BT, 75 000 7T e B0 ML ORI FEA
BB T B SE G L, £E Pri-TPN i SEBLU A B e BN Bl 1 AR IEARIE A AT HE R AR T

B2 018 1 H Petri IEEATHE, 4E55 B SRIUACBELER BRRUR , X5 B4 55 B PAT 8 P EL R B, ] 2(a), 7T 4
EARTEN {115, 1o, 1o}, TN ATHEEASE AR R A — D LB LT 5536 5 AR S BHIRIAAT, 40T HE AT 1 X MR 55
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KUK F: T ABATE Petri M 49 LI RAXR S M 2 S0 4127

A AT (py = 15 = ps = 1 = pr = 17 = ps = 15— ps) , LRBIEM AT HAEAELE, Pl @ e 2551t S
55 B TR BRI, WIAEFERT {pis, pro, pis} AP IR SS B 244E 5580 H B @B, 408 2(b), W HGEAZIEN {115, 120} »
HARAR I AN T R AR I 4.

mutex

(a) 74 (b) E1fEH
B2 I B B R SE 2 ] Petri [

1.5 fR5ERETE] Petri RIRTIRZS LR

HRFE T[] Petri W 1DR A IERE MU, K AR5E 1) R 2E R AT A B — AR nl R AR R A, BRI RREA
A5, TR R A 1 AR I B 3 I TR, AR I LSRRI R B T RS R AR X (B Y, R RAZARIE. Mk, fEm
IF] Petri [0 o, 3 P ROIR AS I RSN A R [R)— SR A AR, B1 S 5 875 57 2l s S5 57 FoRIRas S 1E4%
F v NI )G BT S 2 My BRORAEARIT ¢ BIIKRZS S {HAE Pri-TPN i, WIR1E RN EEBLT 3 M EL, 3 1
AW B S IR Petri IFHIRD; 26 2 BB, AR IEAE R AR IX () AT i TR BE R A2, A8 FR T F A A 58 5 38 iR A ek 1]
FLBA BIIK BT IA], 56 3 B BORIEE 2 B BLR JEAI 106 R, R 1% A8 T BIIA A HAT I TR J5 R 2B, AT P2 2658 (IR
B, FEHOIRAS T4k R &, B B s Brtl vl aT 4k 4 B AT WA N 45 915 205 2 X RV 8] Petri PAR TR, 565 3 Al
M SUN 1., by € TS 5 ST 825 S B RIRAEASIT AR K ABUR, A6 5 A X 8] (AR BN %0 % 2, ik

e S it ] Petri X FIRZAS B A = (Q,80.T, label, time) & A5 55 X A4 5 0 ] Petri IR 25 BAR R 1), AR
[F] Z ALTEFARAS Z R FRIE RS 5% R (e S m] AR R — AN X [), Fon RAZARIE ¢ TR S FRImT & A XA

WA G LIRARE, FIAE A0 TR, (H3212 102 S0k [25] 48 H TARAERE, FARARESR
PABCIR S KIER RSB RGN FTE T HEAT 9, B % SRR R (O H 3R 7 2 WSk [26], FEASSC R, N5 e, 1)
SRS S IR BE LA T — MR ARG R, R e B ) 7ok R R HAE UL 2. B3 2 1
7 Pri-TPN FPIRA K, F 14 ANREZE. i@ LA S5 7ok ERUIR A5 28 i A= k.

o EIREK S, T, MIFIIHIRESERT, REAE 1, At BARAMHEATH S A0 1A 0. 1 KAEFT BRI
A7 [8, 12] B[R] ST, ¢ BT LA ST )R 10 BRI B, JAE S Fik$ 1 fE N R A HIAESE, T 3m o
BIE 12 AT (A BALEY £ AURAE, FTUL g 7 S, FINBIEARAX B [10, 12] REERFRS KL X EE [10, 15]).
I, 7E S, FARAE 1 BIRREH S, , MRTIRAEI S, K, 1 FETENZON [10, 12], 38R 1, FTA ATRERI DS R AT
). fEARZSZEK S, T, 6 RIS R AR, R S 45150 7R 0.

o TR S F, 1, Mg, MZNES KA X EIN [0, 0], H I FAE o, R m T o, MAEIRES K S T, BiE
t ARV R AE, BT LA, TR S s b A KA 1, T2 A BPIRAEZK S,

o TR S, F, ik ¢, MR el & T ol HER AT 1 (HRJak, 5 HLR R 1 619 1 R ZRAERL, R R 1,
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M AEREE S, 1S, 1y IF H AR AR I 808 H(g) € [0,7] . ARSI S, TR 5 5 RAER, K1
FIRIREIES s, BUlS AT ARIT o BOFTIRAG AR, RIE 1 BRI B SOT AR THIR, JLPTRER) C SRR I E) 4 h(ts) € [0,7].

pZ’pS
h(t,) = 0,0 <h(ty) <7,

P> Ps>6
h(t)=h(t,)=0

PPy
8<h(1))<<12,h(t;) =0
Sy
yl0<s <12 y 107 <12 y IS5

Q
P2 Pe>C Ps» D
i(t,) = 0,10<h(t;)<12, 0<h(t,) <7
s,

P> P7,6
h(ty) = h(t;) =0

P3sP;
0<<h(1,)<2
S,

13

3 B 1 RS Z 18] Petri [ AR

A SCIR SR GRS 1, B B AR A SRR, AR ARIT BAT R AR, FT AT AT AR AR I ARAE,
FESE T W find_sched t BRAUSEIL: R BIAE 24 BT I B8 T B R AU AR, SRS M HDIRAS R T Tl R e Kk
A I 18] A 85 /I8 S A N TR 9k 2% 432 47 I 0 10 P4 3K, 8 280 JHC e /) FRD 2 T R i K PR A 2 F 16D, a8 I 1) B D 4
HIPIRZS &N BT A A I B sk (2 25 4 A2 X TRY), 21 N g T B 2R3 D 7 i 2 AR I . AR T AE 33k die K R 2B I (8]
i EPOR L B E 0, 2 N UCGRAF RAERUE, AT TR Herh, X AT R AR AR A R AT R U, HAE
5 1 5 A I 18] ) AR 2 5 3R IR, (B T AN T AR IE, H SRS R AEBUT IR, — B 21 AR, — BRI,
Xt AR AT, 2R AR I, TR Ik AEIRAG 2 AR N (AT P ARE A, FIW AR T P R A 55 2 1]
MIPLSE AN AL BE 28 B T LR 2R, A6 Al — AR EES B Aw f Se P IE 46 S RPL B AR, RIFE LIRS, 1R
AR EA KA.

ik 1. AR KA.

Hi\: PRSI 8] Petri K Z = (P, T),T», F, My, SI, Pri) ;
itk Z PR KE 4.

Q= @;Form = @;S, = (My, hy, Hp);
AR B B ECRES T W] AR T
function find sched 1(S)— Tynea
Tschea = D5 En(S) = 2;
for B—AteT,UT, fEAIREZE S T do
if *t==1 then
Add(t) = En(S);
endif
endfor
Sl ychea = (0,0);
for —A~t € En(S) do
if (§ SI(t)— 7T h(t)) <] SI;heqa then
b STenea =1 SI(0)— T h(2)
endif

© VBRI hupy/wew. jos. org. cn
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if (7 SI()— | h(1)) <T Slyea then
T Sichea =T SIO)— L h(D)

endif

endfor

for & —"~re En(S) do
SI, =(0,0);

if (L SI(D— T h(1)) 2] Slyea then
if (T SI(t)_ ~J/ h(t)) <T SI.w:hed then
SI; = (L SI(0)— T h(®), T SI(1)— | h());

else
SI, = (1 SI@)— T h(0), T SLenea);
endif
Add(t,S1,) = Typeas
endif
endfor

for B—%TF (t1,1,) € Tyopea dO
I t.c FrRZ AT FTARGRAT 55 5 B A AL PGS B3 IR
if ((A(t,,1,) € Pri) A(t,.c ==1,.c)) then
remove(T e, 1)}
if t, € T, then
H(t,) = h(t);
endif
endif
endfor
return T eas
11 WHIEIR S TT IR A2 RS 2E
repeat
S = Form.front();
for & —/~t € find_sched_1(S) do
V7 € SI, such that § 5 §”;
if S’ ¢ A4 then
Q= Q + S";Add(S,S") to T
label(S,S") = SI,;time(S,S") = S peas
endif
endfor
Add(S’) — Form;
until Form = @;

return (Q, S, T, label, time);

1.6 ETRESEMEIFNITRBE) ST EE

55 WA M SE SRAE Petri 9 A58 I (4 2 Bl 2, i 1 7R, AR 55 A BT LU T py 3R, G5 sR VAT py
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TR, 5 B AR LAEFT p, TR, G5 R LAFE T py 7. 1242 R 56 20T ) Petri I IRPIRZS KI5, 1545 € 24k
EFMEETAES (a1,a,) B WCET, dAGAESS MES RAE S5 W M FIESS, UL ay.start RosAESS ay KIJTURPERT, as.end
TR ay SR PERT. THE A TR AT I 8] ) S a0 505 2.

&% 2. WCET 4#r.

5@])\ g%fé’ff% (Cl],az) N %%ﬁ% A 5
it A4 WCET.

entry = @;exit = @;weight = @;wcet = 0;
for />S5 €Q do
I MOPIREFE S T HIFRIA
if a,.start € S.M then
Add(S) — entry;
endif
if a,.end € S.M then
Add(S) — exit,
endif
endfor
for — S, € entry do
for H—~ S .. € end do
114 time HELGEL, WA 0
Add(DFS(S siarsS enas4)) — weight;
endfor
endfor

return wcet = max(weight);

1E WCET 43 M1 532, w4858 B A AN F AT AR N, fEIRESRE PR BRIGT & MRS, R4
IR HRAS, 3T BRSNS AT IR BE A S8 38 7, 38 3 B AR A 10 KB B WCET. fETR BEAR i [T b, i )
A5 AT 55 G RN 45 TR 04 2 BT el 85 B3 3 LA 1308 NAIE B 5 BT 55 L JRDIR S

Wit E 1A% WCET, 4 &M% A, 7EE 3 FinRiPRELZEF KRBT p, WAIHREHS,, =
{S3,57,S s} FIEE p, WITEREFKS ,, = (55,565 10,51} » RIBEIELL R B 3 W R B AALEMBRAEH 3 5%, 451
HNS3 =8, 585+ §S3585 =8>8, MS; 58,832 8,, FHEEEUTS A K WCET A 5 ANEF (a1 HA7. 28
U, AT LR HIE 45 B # WCET SN 15 AN ) By

2 HHERBESESHARNESKBE

2.1 {ESKEIE

DAG /&1 [ B 1 —FleRefl, Ho= R pUR B RS 3. (T o B Re s BT R R AT 55 2 TR RO &R,
WA T BRI R R L (HEE AR Z % R G, BTSSRl A7TE, RSO DAG BIHETY R, IMAEIR
&, HAEN s B AR AR, IR . PUTHTRSE RS, TR E S RN Z 25 R,

EX 4. — /N TR AL S M AT 55 i ] (task-dependence graph with resource allocation and priority,
TDG-RAP) & —A-t784 G = (V,E, A, Lock,C,Pr, 1), i,

(1) V = Vi U Vit U Ve 72 1 RIS, T 00000 3 2K, S0 3R IRAT 45719 s, [E20 00 s fH 43 0T 0, —/NRE Y
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SRR R B AT IR ST BT 55 AT SE LA, B B S 4k 7T SRR RL AT 55 4 0] LLBAT; — AN K1 A
Fon: TERTIRTT S TE UG, B R 4k 759 s 0T B 14T 45 TR I A ok . 95 B3 B 00, AR SO RSB R RG34 s f T
AU AT IR S 4 O

(2) EC VXV REAMES, EFR—A BRI SO0 B AT 55 2 B 1AM & A 1, A RME I, A4S0k 4
[ R BARRVELE 535 L

3) A={ay,a,...,a,) RALEHES.

(4) Lock = Lock,, U Lock,, =AT-55 Bt IR B 42 &, BRI EY 43 TLR40RT 1 g

(5) C={cr o0 TRV ERIFEES, ASCEEM TR SRR ALBLAR, Wi A Petri PIBIRY )M , it
P

(6) Prc N & —Z4IEEH, REALS IR

(7) 1: Vg = AXC x (Lockx Lock ... U@)x IXIxI...)xPr & — MR HE, B H T —MES T AT R K
1E45 AR, AT 25 BT T BT B0, 1ZAT 55458 FR BT (@ I R 1ZAT 5538 (8 AT AT 4), IXIXI...

B T AT 55 eh T AT B A B % AT 55 BT B T X [R] (G AT 5530 A, i B U — AN X, 38R

ZALS PAT I 8] AT T kAN, X BT R k+1 AN XH), Pr &z T4 itk

Kl 4 &—A~ TDG-RAP, 1155 a, (11 i v; FTR) FULS a, (T5 15 vs Ton) VENIRIGIE S0 R M IR SN, 1155 a, A
1F5% a, W R HAIX BN 18] 4358 80 ms A1 50 ms. 1 £ vy & — AR i, RIRATESS ay (T7 v, Bon) T BEERTSH
a, (5 B vy ToR) BT S as (7 5 v, RoR) BFERZ G, A EEIAT . (), ¢1,2,(3,51,97) &7 5 v, BIAREEJE M, A
a, IREST LT &y, ML AR, ZAT5 AR ES ¢, FHAT, [3,5] AT S AT 18] X 18], 98 & i%AT %1
RS, RS BB KRS S Gy, TERAT S5 A A AR T B BRI, (au, o, locky, ([10,12,2,41),97) RRAE
% a, A ENAEPLEE ¢o FIAT, TRICHN 97, AT T BB lock, , FIZAT 5 40L AA FAT 55, — =2
{245 I8 b T I 53 X P AT IR TED [10, 12], 53— AN 240 Tl - X AN AT 25 BAT IR 18] [2, 47, 1 53 X P AT I [
TE B, 42 BRI % T8N0 1D Ifs e X B[]

(a;,¢,,9,[3,5],97) (ay,¢,,9,[1,5],97)

80
Vi

(ay,c,,(lock,,lock,),([3,5].[2,3],[2,4]),99)

) 4

(as,c,,lock,,([4,6],[2,3]),98)

(a,.cy,lock,,([10,12],[2,4]),97) (a4,¢,,9,[1,2],96)
Vise = 15V25V4,V5,v7, v} Ve = {3} Vi =1} A={a,a,,a5,a,,a5,a.}
Lock,,, = {lock,} Lock,, = {lock,} C={cp,c}

4  —Fh TDG-RAP FIR AT 5 Ko R AR

2.2 TDG-RAP % Pri-TPN H%E #2500

M TDG-RAP YRR FUTE(E R, EF XA RN S 7 5 FhdE i, sk 1 fios.

Rule, : TDG-RAP LS ST LU N (P> T » P> T — P) B3 Petri AR 38 KR sh =R NIE
ST R REE . ATSPAT . B B RPEAME S AL FPIR SR, BAMES T AT Petri B4R
S0 AL BT BERS b AN BRAT S5 R SR &, BT S BT R BT P AT RE, A 2(a) FT7R, AT% B H{f
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T8 G EIR IR N pis — ti; = (Pre = tis = P17 — te — Pis) = by — Pro » 15 FIIER 50 X R (13 FE, 43
BIRRNERBZE . P, IR XPAT B HATES.
%1 TDG-RAP 5| Pri-TPN F%% 430 )

F TDG-RAP Pri-TPN
[E%5 TG A
[ AU
I RGENIN
| 7[0,0]
|
Rule, Viask l AR
: JE AR E
: BT 2
B ER IR [ AT 5%
AT 1)
T EESE>1
Ruley Viwait
JE kTS
AT E TS
Rules Vidist ,‘
Ja gk AT 55>1
B A%
Ruley ec{VXV|vi,vp e VAV £V}
JE kAT 5%
JE BT 2%
Rules ee{VXV|vi,vp e VAV =1}
1E55F R

Rule, : MRS Z RS KRR, & X T FBAT s, RS ST 3T & B il A4 1 5 k.

Ruley : NRBFEEMFFR KRR, BT /B8, MEEAT S RN EHAT.

Rule, : TDG-RAP H HIiARRAT 5 RIIT % R, & XCNRIE, 801 5T 55 HI 4 R EE T 5 IR FE BT

Rules : F M2 JE AT 55 1R 07 2, T B NIZAT 55 8 X (P o T) BUEE M), TE— R FARIE J5, AT 55 0 0, 3
HFRR R AR, TFEHT— i
2.3 TDG-RAP Z| Pri-TPN HUAE R E %

H TDG-RAP | Pri-TPN #5458 T8 1 45 H FMUUEEAT U EC. & 5638 3 BT A 15 s, T4 A @ Mk
AT HI5E, S BC T H T8 DL SR A5 A5 P BRI B IR, SX W8 T Rule, AEAMT55 A EE IURE B K/, TERG 4T 72
HR T SR A SR T URURIRE TS Ak AR IR I AR I S A L 1D A R AR R YR L ) R BT B, B R AR B AR ST S B R R
o LR 2 T A X T4 RN A5 4T s, W0 sV O AR RIS, SR, I3 A A, YR SR AR R TR
BF, e o B BRI, oI i e 4 o AR AR S5 AR YR AR AR RN [E I, 2 AT E ASE . R, 153
T ARG 0BT W) Petri PR, B T- OB S48 o5 0 R IEAT S0 €, TEAH R AL B8 T2 U5 I AR SR AT 55 T 48 o5
TRAR AT 55, RRIEHE &5 8 R I B, BAT R S gt AT HE A & MR S AT 55 TR aa i ik g s, RN, ZE98
SRR, 5T A SR AT 5 AU AL S AT 45 2 16 1 F 83, B O T s L Je AT 45 R, 46 AR A 75 2 Rule, 7
SEFRE R ], 3R S AT 55 KU, WG A B AR ARAR R 59 3 AT 4547 i A bs 258 bR 5 S 110 i 1k 7

© PEBEERKCEIFR  htps/www. jos. org. cn



I 5 A T4 AT 1) Petri M 49 AR S M & BT

WETR, W v.c FoRIZAESS T KT P HIALBEES, el R 55 i 4.

4133

&% 3. TDG-RAP %I Pri-TPN [1) % ¥ 15k.

N ARSI G =< V,E, A, Lock,C,Pr,l > ;
Wt RS eI 18] Petri W Z = (P, T, T», F, My, SI, Pri) .

Z = Q;
forBF—"veVdo
if v eV, then
Add(teT,)— Z; //Rule,
else if v € Vg, then
Add(t€T)) > Z; //Rule;
else
Add(P,T,F,SI =v.I,Pri=v.Pr) > Z; //Rule,
endif
endfor
for 5 —~ecE do
if e /& H ¥4 then
Add(P,T,F,SI =e.l,Pri =v.Pr) > Z; //[Rule,
else
Add(T,F) — Z; //Rules
endif
endfor
I/ A T2 B YR RN A IR ) 2
Add(P) — Z,

IINEF QIR R TE , FT A A 55 & IR AL B 25 7320 4l e k21

for & —~ceCdo
for F—A~ (v, ) = {v|ve Vax Av.c=c} do
if (A(v,.Pr<v,.Pr)) then
if v.lock 4E= then
for & — lock € Lock do
if lock € Lock,, then
Add(P,T,F,SI=v.)— Z:// ¥ 1

PHERTBEE b A58, BRIRAG AL 38 AR T4, HAR AT Pl AT/

Change(¥t € Rule,.T ASI(t) #[0,0] > teT,)
break;

else
Add(P,T,F,SI =v.I,Pri=v.Pr)— Z;// | 2
Change(¥t € Rule,.T ASI(f) #[0,0] = t€ T») // [H L

endif

endfor
endif
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endif
endfor
endfor

return Z;

24 BAERHREMEZRMESHT

BRI IERR T AP R VL. 55 1 #54) /& TDG-RAP F Petri M AR #x &, Hih A&t
o R PAT S R R (GERUL D EAI R Petri W AT R S0 k6 IR BE G R); 55 2 #8040 /2 1E Petri W A ZERL
AT S IR G R, B =R EE L.

(1) TDG-RAP F| Petri WAL 75 5 #e75 AUF 0, HRYE ST S A0 19 10 5K 5 4% 5% &R 70 25% TDG-RAP KRN
G = (Vs U Viait U Vaists Erastewait U Erasedist U Erastotask U Evsaitask U Eisetast) 5 Fo T Egenait 2875 B WX TT 55O 5571 05, J5 47
SUONTEI T R, FABI AL X T 3 B s R RIER | RAH, BN Ve =(P>T>P—>T—>P).
Ve =T Bl Vi = T, 5 R SUBAT 55 BOAOIC 25 ZEXT I 1 4 b, 75 B2 X 40 AN [R) I EE SR 1A B0 IR WS s AN S
G R, A1 E e RETEBEPIAME S5 AT S50, 48 I E e = (Paskrens = T = Pasiar) » HIHE I — ST
FEATIRAE S5 I ZE R PRI ( Pragerona ) UG GRAE S I TP IR PRI ( P ), THFERTERAT S5 0S5 R PE I IHEH, 4 20K
BNARIT MR AE (J5 ARAT 55 AT, BITE 5 4RAT 25 (1 46 e BT P INHE S Ersait M Evaivase 207 [R5 BRI HE,
T, AN T EEGAMASE INARAT, AR B S [F D s B AR IT TR, B E gt VY € (Vi N prev(V)} =
(Prowa = T) F1 Eiviasic : YV € Vi N succ(Viga)} = (T = Py iar) > 2o, prev(V) il suce(V) 43 5 2R 7= 5 & B AT IR f5
4. AT IRAT 55 0 45 SR R BT R A AR AEAT I (RO ATRAT 5 A 45 3R, A iR [R5 T SRR AR IE, I BR 3 J5
ARAT55. 3 R R R R 2. X )25 R0 23 49 m R 5 4 v LU I, T2 %% e 56 UG 1) Petri B P 3030 OB AT 5%
(R AR S, BT 55 IR G &R

(2) R4 TDG-RAP A& ML e E M, 7E Petri X AT 55 M3 5 R R, FAEAT S v MBS TATSS v, ,
FIRAV P> Pr, v =Py 2T 5P =T = Piod)s vi=Pogar =T = Py =T = Pyoy) NESEHAES v,
B 1TSS v, BFEHERENEE, Bl v, = (PrywnP) > T = Py = T — (P2, Prow) » 215 v, FERT P, A4 H
W, L8 v, IETERAT, v, A il 36 5 ARIT, 20 B & R RINAT S5 vy B, REEFSMIER 3 5636 L 4T, RIF G &
BT (P1, Py, Pry).

B F LR 3 A4

(1) B 562 TDG-RAP #4550 (4 Pri-TPN RE8Y. RSO0 F4T45 1) Petri IRASEZY [ 5 1), PR N A W RIAR Sa 4
RAMH &7 220 Pri-TPN bR iR BB & 305, (B TR kb e, FiMERATS 80N X, (e B 2
X = U, SERIFRRSAN AR ) Y;, Ferlr v, AT 55564 Pri-TPN (19 PE T4

() )G, BT AR Pri-ﬁ;N B A BB IR SRR, B TS0 W Pri-TPN 222 4= (1, R R A& K A
H R B KR IR R R 2l 27 AHR AR SO R AR IT (R AR AN R AR IX R AN 2 1, FERT it A 1, A%
S R B R JAAT S5 6T ) P, (AL X R 28 B X ), — AN R B KR PIR S E A 02 1_[ (1 SI(H— | SI(1))

teT\UTy

Bt Ul KPR SR EA &t 2 ]_[ (1 SI(H)— | SI®)) , FIF, P24 —ANEr PR &R LR 2 E N 01) . Ak,

FHAC SE ] Petri X AR BRR S SE I I STE R 4475 4 O 21+ ]_[ NGO sz(z))] )

(3) fweJa, i [ 2E BRI, R B NAT 55 B AR A5, AR BT 55 BOGE SRYT . MAE S5 IR AR 1T sl b AT IR
ST [T, 3 5o K F I RIS () % 42, BN SR HAT B A2, SV et ) 52 24 5 O
m AR R RIR L.

[] asio-Lsiwy-m|, s

(€T UT,
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3 TASSHIMR

AT 4 R 20, SREE Pri-TPN BORUFUEL e B0 A IE S VAT Rk, B 4 iR i — AN et 2% 2
155 RGH 6 MIES (B ay,a,a3,a4,a5, a6 ) TN LIRSS (BD o, ), B, 1255 a,, a, Al ag LRSS ¢, 155 a5,
a, Ml as JLFAEBREE ¢ , WIURATSS a) TN ay A FAYEAT 55 AT 55 Z AAEAE 2 PR R OC R, Bl —AMES I3RAT
SR IREN Z AT S BUE 2 AMES R IR A BRIRE) T — MES BB AL 5 a) RIS ¢, JFHAT [3, 5] ms,
1155 a, SFRIFHEEERR ¢ o, TREGH SRR lock, , TEIG T X NHAT [10, 12] ms, BBR IR G, AT [2, 4] ms.
1% a, TEATS a, 5E L E SRR BERS ¢ JGHAT [1, 5] ms, 155 a, AT 5655 R IREN (9 50 ve ) 1£ 55 a5 FIES a6,
HAES as AT ¢ J5, DREERATBUBHIR lock, , TEIG S IX N IAT [4, 6] ms, Bl lock, 5 44047 [2, 3] ms.
ERHES a, Ml as BEPATTERE (TR ) JEIRENES a5, RN, 455 as AT 56 L RENES ao . AT 5 a5 SRTFALEEAR
co Ja, BREEFRAS PR IR lock, Mllock, , 75 BIER K2, A SCHIME S5 AL i B8 508 lock, Tl lock, F& 823545, 1E
lock, BE I I X WHRAT (3, 4] ms, £E lock, BUE K 5 XA AT [2, 3] ms, KUOBE T Lock, A lock, Ja 2RS0T [2,
4] ms. L5 ag PAFEHREE ¢, JFIAT [1, 2] ms. 7EFIF Pri-TPN 20 HTHE, %5 36 & VRS R R. Blin: 87 4 Fh
o b BB, A5 ag THATS a) Fla, 115, 1555 o) G H1E55 a6 AT 5 F B0 o, ATHEAT S 0, 36 55
55 a5« ay Mas (30 5 AR SIS URL R FERE 58 B Pri-TPN H, 4R 24— MIUIR Je AT 557 B e
UG, B — NS e RS HER IS8T, B DR IGIR Ja AT 55 BB, 72 K 2 hRBUAEDAT Bk i
JEWIPERR (pir ) PAFEAERE LB R BAT AL (1) BN

Bl 5 R IRATTT R L H R4 FHH.

. .
B MCTPN = (m] X

Xt fE AT
Edit
ESERFR ESEE 1ESHERE ZEpkPetriRg Bz
IEEROHEA
Dot File Dot Graph
digraph G {

A [label = "A"];

A-> A [label = "spin,50";];

A -> B [label = "AtoB";];

B [label = "B";];

B -> WaitBE [label = "BtoC"];

C [label = "C");

WaitBE [label = "WaitBE";];

WaitBE -> C;

D [label = "D"];

Distribute [label =
"DistrihuteN"chane = "diamond™1-

Config File

A19735
B19815

€099 3,523 24 spinT mutex1
D097 10,12 2,4 spin1

E 098 4,6 2,3 mutex1
F1961.2

P+T num: 241 ) THEWCET 12
ERREEE —— (c v
SCG num: 486 RETR No

K5 THAMmER

TEE 5 7 BN 4 BT S AR, 7570 T J7 45 T s RAT 45 IR, IR IR BAT S5 I 7R A EC &b
FRES . AT BIBATRI] . ARIG LR LR AT 2548 A4 2 284 e FLIGT . B 5 1A 23 22 % HH X A~ TDG-RAP HIE 1T
. KT RN BAZ B AT S L0 RS, TATH LA e IR IAT B (R SR BT 4575 2 % R 4 I IETPE. W
K S FAH PR FRBAES C MBI PATHIEIAN 12 ms, I HiZ R GORAEE A FH BT & st B . 6 Ban T
HHiX /> TDG-RAP E 3% LR Pri-TPN.
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p(e (&),
t L 010,15) [s.lz]i t
() Ps

t, [9871(3,51 [9,10]097] ¢,
G G

Ps ) Ps
(a) #8015 2UBS ] Petri (15574 (b) FrZE (B ] Petri 5524 (c) AN R B 1] Petri R 7Y

6 &1 IR B A AL R N [E] Petri P4 A5£7H
BUAT0E FC R 0 (0 SCRMURAE AN ], Fr BAZE R Petri AR ABANAR ], RIS 27K & L DAG £ Petri
PR B AR DR TR, SO T R AT i35 TR A R, AR 1B 4 B AT 1B (AR 2 5 1 AU
) PRI G], Gevt 7T A BRI IR Sl 18], RS ECL R A BRI [R]. 45 SRR IR
[ R AR K B RS S AR RN, BRATTRO T H th REAR PR s H A 1 25
®2 MG L — s 4

o Pri-TPN
s TDG-RAP PN A B ) REEE ERREEENT (5)
1 YIEAE 5553 B 241 374 0.0026 486 0.06111
2 BB 45 BCTEAS [F) b B8 1 61 74 0.0016 468 0.2489
3 BT 455 BOTE A — b B8 658 1064 0.0358 398 0.1023
4 FTE AT 555 BLAS [ S 2 143 218 0.0052 483 0.0568
5 BB AT 55 B IR — P S 2 61 74 0.0016 503 0.0213
6 AT 45 ap BHAIA[T, 9] 241 374 0.0063 541 0.1977
7 AT S as BFAIR(2, 3, 4, 6] 241 374 0.0035 544 0.068 1

{1 A K T LA IR 1. 9046 4T 55 0 B AR P 4 25 52 AT 55 BRI 55 bR 22 64009 Pri-TPN, 43 HH BHAAR
AARE, B 4 I 6 M5, 75 5 S, K 06 A HR R BRI M — BB 6. FEAR S5 KR AR
FOREIL T (1) BT 55 1 BT ASE P 0 A BB WU (5560 3 506 4); (2) EBRAE S5 RS0 2k (S5 5. 538 6), Herh T
HESAFRIEI BN (a):93, ar: 94, a3:95, a,: 96, as : 97, a5 98); (3) BUAL K —AF 55 HIHAT I ] (SL46 7.
SR 8), F SRR AR S5 [ PAT I 1) AN 2238 B Petri R (1) 22 4k, TRLHE S B6 A6 UK Pri-TPN R T AIASE MO A2,
{EBAAT FROERS TRV 5 B TR B AN

4 HHXIE

HRTA 5 A (8] Petri W (4™ & 7 QAT BAD SN 2R G Rl A 0 e 2 4t o 0 BEEML AR, B A DX 80118 e 2 (8]
Petri W1 Y EEY R R) Petri (U7 4t 5 2T Petri 151, i A I SR 18] Petri 99 2OVR1 7 3 € T
Petri 1 7. [&] 7(a) B0 T AT SCIE 1 R — AN 15 2R ) Petri 19 46 5 XU 1] Petri R 7EARIE LR INT BEUE AT
I, AT ARG R AT, U0 AR AE HoAth S v D10 56 2 i 225t P A R B 0, R A AR IR S AR i R e,
r RS R AR KA IR, AR S AT AR IR SR, BB T . A BEST F I 8] Petri [ 55 2 SR AL, 78 & BT 78 43t
A J kR S B RE . 5 A ] SRR 18] Petri (47 e T 9IRS, 3900 1 0050 (SIS Sk 4 FH 15 B 20,
I BRI 7R i AR A AR T I, HLAR A AR IE A S AR, BIZASE SR, P 7(c) A 400 8 I ]
Petri PIREILL T 1 -], BLL 3 By e AR 8] Petri W by X0 B3R AR A, AR @AMt 5 B 5C I 18] 0 Hr
AR R
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)
i)
Clockad
ol
) oy
-
i
)
)
G Cont
in o)
- \
ket
pint
o)
Coea?
spint
= ey
Calocked . - Conocked Conocked o
Tspini o 10t )\ \_ 9spint spinl

Cunlocked
Sspinl

B 7 HE 4 F TDG-RAP 4 & Pri-TPN
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AR BT S IX (AR SR i (8] Petri (RN B 40 EA S 18] Petri 9. 5 X [A) R S i) 8] Petri 0T LA R 20 %1
R o FAVRE O AR, R LASGIE 5 Ah B 38 AN 4GH HE Y5AH DG IR Bt () Jag k. R IX R0 S 2B ] Petri 2 AR SR e LI
e S it R] Petri W0 B — 2R W4, ARIE K A= A0 $ o F i) A0 A K B T T 5, T ol 1] 52 ) 2 A AR S OIS 1] Petri ) 5
B SIBIEAT 55 (N BRI AE, WD T A BRI AS B R RS B, 2w T X B 7 3848 A % T 5B &
SRR 1] 2 5 (R BRAIE R, (L AN R T T i A B8 7 AN 0 Pri-TPN. /&4 35 (0I5 [A] Petri I A58 FH L€ A & R T B Sk @
Petri [ [T B ], 0.4 i B % o g G40 A0S O ARG, 4G X P 50 T 22458 2 4% E e BipLl. 1 7(b) A g
E B[R] Petri ML ET SO | HoR ], 3 € R ASM AR Bk e U 2R N e T e, X6 A 45 T Petri P
R, ARSEIN T B B4 o I A RN A BOR A R BRI 5 2k, B H T 25 BB I K, i fE
B, AF) T TN R

A 5E S Pri-TPN AT i X R A S 22 B 1] Petri W9 T ARIE (U 3R0A, AR (& AE I IF) B AL IX Tl J o
(X [&]. AHX T = g T (8] Petri B, Pri-TPN SO TAESe4k, BaUERE T SRHE ML 7 4h, B DAG flid I1E 5%
R AT LA A 3 TA AT 45 2 (RN MR G &R, BRI FH T S R G0 AT 55 1 I8 R 485 17 TDG-RAP A FRZE B %
PARIIAT S5 I & F B P, anfli gl ALBRBSATEN 1 B O, FELLELA] AR SC45 H T TDG-RAP 3 Pri-TPN (%%
PN ASEE:, B3 T Pri-TPN 15 TDG-RAP #iik & %) WCET Ak 2 50481,

VR R, AR SCE X Pri-TPN B iR e s IX (B L S 2 ] Petri 9 (RRZS BObR AR 1) R, 3 T2 RI7E T4
R A N R) A R R G B R AR N TR AN, (BT A X TR S G 1A] Petri (K, Pri-TPN A5 2L
FoIXF Petri WA, FREHIKRIE T RETNAULS KR, FILA B XL R

5 ZRERE

X T 2RI RN USRI 2AF 5 R 58, A SCAESS € (AR 55 OBk R AME 55 0BT = F, Fetfou it Se et
8] Petri [, 48 J5 ) Fix — T SO RUREAT S AR ARAT I R H SR SR BRI, 177 R e e vk A DA R 5 7E L B b N HL e
BLH R G IR S5 HAUE LA RAR S5 0 BE S IBAT I AL (RSB 555 8, N RGBT N RS, TP AR
3ATIHREIT: (1) SR ZAT SR R, LAKARRLIY Petri MBLALIK B 30564 (2) 51 AR A ZIHUERL, £
Cache Xf T SEI RGEPERERIRAN; (3) 38 HIR A USRI, R4 2 MBS IZ O BRI UL, A 3) SR E L5 2 e
T35 (4) MHRIRA XA G L BIREAT 2 Btk

References:

[1] Cousot P, Cousot R. Abstract interpretation: A unified lattice model for static analysis of programs by construction or approximation of
fixpoints. In: Proc. of the 4th ACM SIGACT-SIGPLAN Symp. on Principles of Programming Languages. Los Angeles: ACM, 1977.
238-252. [doi: 10.1145/512950.512973]

[2] Li YTS, Malik S. Performance analysis of embedded software using implicit path enumeration. In: Proc. of the 32nd Design Automation
Conf. San Francisco: IEEE, 1995. 456—461. [doi: 10.1109/DAC.1995.249991]

[3] Rochange C. Parallel real-time tasks, as viewed by WCET analysis and task scheduling approaches. In: Proc. of the 16th Int’l Workshop
on Worst-case Execution Time Analysis (WCET 2016). Open Access Series in Informatics (OASIcs), Vol. 55. 11:1-11:11. [doi: 10.4230/
OASIcs.WCET.2016.11]

[4] Melani A, Bertogna M, Bonifaci V, Marchetti-Spaccamela A, Buttazzo GC. Response-time analysis of conditional DAG tasks in
multiprocessor systems. In: Proc. of the 27th Euromicro Conf. on Real-time Systems. Lund: IEEE, 2015. 211-221. [doi: 10.1109/ECRTS.
2015.26]

[5] Wang J, Zhan NJ, Feng XY, Liu ZY. Overview of formal methods. Ruan Jian Xue Bao/Journal of Software, 2019, 30(1): 33-61 (in
Chinese with English abstract). http://www.jos.org.cn/1000-9825/5652.htm [doi: 10.13328/j.cnki.jos.005652]

[6] Cui J, Duan ZH, Tian C, Zhang N. Modeling and analysis of nested interrupt systems. Ruan Jian Xue Bao/Journal of Software, 2018,
29(6): 1670-1680 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/5472.htm [doi: 10.13328/j.cnki.jos.005472]

[7] Clarke Jr EM, Grumberg O, Kroening D, Peled D, Veith H. Model Checking. 2nd ed., Cambridge: MIT Press, 2018.

[8] Wang C, Feng XJ, Li X, Zhou XH, Chen P. Colored Petri net model with automatic parallelization on real-time multicore architectures.
Journal of Systems Architecture, 2014, 60(3): 293-304. [doi: 10.1016/j.sysarc.2013.08.016]

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1145/512950.512973
https://doi.org/10.1109/DAC.1995.249991
https://doi.org/10.4230/OASIcs.WCET.2016.11
https://doi.org/10.4230/OASIcs.WCET.2016.11
https://doi.org/10.1109/ECRTS.2015.26
https://doi.org/10.1109/ECRTS.2015.26
http://www.jos.org.cn/1000-9825/5652.htm
http://www.jos.org.cn/1000-9825/5652.htm
http://www.jos.org.cn/1000-9825/5652.htm
https://doi.org/10.13328/j.cnki.jos.005652
http://www.jos.org.cn/1000-9825/5472.htm
http://www.jos.org.cn/1000-9825/5472.htm
http://www.jos.org.cn/1000-9825/5472.htm
https://doi.org/10.13328/j.cnki.jos.005472
https://doi.org/10.1016/j.sysarc.2013.08.016

AL 5 A T4 AT 1) Petri M 49 AR S M & BT 4139

[9] Huang B, Zhou MC, Lu XS, Abusorrah A. Scheduling of resource allocation systems with timed Petri nets: A survey. ACM Computing
Surveys, 2023, 55(11): 230. [doi: 10.1145/3570326]

[10] Cui J, Duan ZH, Tian C, Du HW. A novel approach to modeling and verifying real-time systems for high reliability. IEEE Trans. on
Reliability, 2018, 67(2): 481-493. [doi: 10.1109/TR.2018.2806349]

[11] Zhong WJ, Zhou JT, Sun T. Concurrent software fine-coarse-grained automatic modelling by coloured Petri nets for model checking. IET
Software, 2023, 17(1): 55-75. [doi: 10.1049/sfw2.12084]

[12] Dong W, Wang J, Qi ZC. Model checking for concurrent and real-time systems. Journal of Computer Research and Development, 2001,
38(6): 698705 (in Chinese with English abstract).

[13] He LF, Liu GJ. Time-point-interval prioritized time petri nets modelling real-time systems and TCTL checking. Ruan Jian Xue
Bao/Journal of Software, 2022, 33(8): 2947-2963 (in Chinese with English abstract). http://www jos.org.cn/1000-9825/6607.htm [doi: 10.
13328/j.cnki.jos.006607]

[14] Liu GJ, Jiang CJ, Zhou MC. Time-soundness of time Petri nets modelling time-critical systems. ACM Trans. on Cyber-physical Systems,
2018, 2(2): 11. [doi: 10.1145/3185502]

[15] Liu GJ. Primary Unfolding of Petri Nets: A Model Checking Method for Concurrent Systems. Beijing: Science Press, 2020 (in Chinese).

[16] Fauzan AC, Sarno R, Yaqgin MA. Performance measurement based on coloured Petri net simulation of scalable business processes. In:
Proc. of the 4th Int’l Conf. on Electrical Engineering, Computer Science and Informatics. Yogyakarta: IEEE, 2017. 1-6. [doi: 10.1109/
EECSI.2017.8239121]

[17] Lime D, Roux OH. Expressiveness and analysis of scheduling extended time Petri nets. IFAC Proc. Volumes, 2003, 36(13): 189-197.
[doi: 10.1016/S1474-6670(17)32483-7]

[18] Bucci G, Fedeli A, Sassoli L, Vicario E. Modeling flexible real time systems with preemptive time Petri nets. In: Proc. of the 15th
Euromicro Conf. on Real-time Systems. Porto: IEEE, 2003. 279-286. [doi: 10.1109/EMRTS.2003.1212753]

[19] Bucci G, Fedeli A, Sassoli L, Vicario E. Timed state space analysis of real-time preemptive systems. IEEE Trans. on Software
Engineering, 2004, 30(2): 97-111. [doi: 10.1109/TSE.2004.1265815]

[20] Roux OH, Lime D. Time Petri nets with inhibitor hyperarcs. Formal semantics and state space computation. In: Proc. of the 2004 Int’l
Conf. on Application and Theory of Petri Nets. Bologna: Springer, 2004. 371-390. [doi: 10.1007/978-3-540-27793-4_21]

[21] Berthomieu B, Lime D, Roux OH, Vernadat F. Reachability problems and abstract state spaces for time Petri nets with stopwatches.
Discrete Event Dynamic Systems, 2007, 17(2): 133—158. [doi: 10.1007/s10626-006-0011-y]

[22] Liu F, Zhang HM. A class of extended time Petri nets for modeling and simulation of discrete event systems. Simulation, 2018, 94(8):
753-762. [doi: 10.1177/0037549717742716]

[23] LuFM, Tao RR, Du YY, Zeng QT, Bao YX. Deadlock detection-oriented unfolding of unbounded Petri nets. Information Sciences, 2019,
497: 1-22. [doi: 10.1016/j.ins.2019.05.021]

[24] Roux OH, Déplanche AM. A T-time Petri net extension for real time-task scheduling modeling. European Journal of Automation, 2002,
36(7): 973-987.

[25] wvan der Aalst WMP. The application of Petri nets to workflow management. Journal of Circuits, Systems and Computers, 1998, 8(1):
21-66. [doi: 10.1142/S0218126698000043]

[26] Liu GJ. Petri Nets: Theoretical Models and Analysis Methods for Concurrent Systems. Singapore: Springer, 2022. [doi: 10.1007/978-981-
19-6309-4]

[27] Haur I, Béchennec JL, Roux OH. High-level colored time Petri nets for true concurrency modeling in real-time software. In: Proc. of the
8th Int’l Conf. on Control, Decision and Information Technologies (CoDIT). Istanbul: IEEE, 2022. 21-26. [doi: 10.1109/CoDIT55151.
2022.9803922]

B op 3253 32k -
[5]1 E®R, & 5%, Ss, xEW. R4k 7 S B 324, 2019, 30(1): 33-61. http://www.jos.org.cn/1000-9825/5652.htm [doi:
10.13328/j.cnki.jos.005652]
[6] A, Bk, HIEE, k. — PR o i R G (0 @ BOR 43 A1 770 SRR 324, 2018, 29(6): 1670-1680. http:/www.jos.org.cn/1000-
9825/5472.htm [doi: 10.13328/j.cnki.jos.005472]
[12] #ER, Eik, 5096 B IR SR RGBT I RR. T 7 5K &, 2001, 38(6): 698-705.
[13] IR, X8, BT R G A X R A e A 7] Petri M5 TCTL 04IE. 8441, 2022, 33(8): 2947-2963. http://www.jos.org.cn/
1000-9825/6607.htm [doi: 10.13328/j.cnki jos.006607]
[15] ISEAR. Petri P TCIE: —Fh IR R GBI J7 ik, ALt Rl AL, 2020

© TEBREEEEIEDT  htp/ www. jos. org. cn


https://doi.org/10.1145/3570326
https://doi.org/10.1109/TR.2018.2806349
https://doi.org/10.1049/sfw2.12084
http://www.jos.org.cn/1000-9825/6607.htm
http://www.jos.org.cn/1000-9825/6607.htm
http://www.jos.org.cn/1000-9825/6607.htm
https://doi.org/10.13328/j.cnki.jos.006607
https://doi.org/10.13328/j.cnki.jos.006607
https://doi.org/10.1145/3185502
https://doi.org/10.1109/EECSI.2017.8239121
https://doi.org/10.1109/EECSI.2017.8239121
https://doi.org/10.1016/S1474-6670(17)32483-7
https://doi.org/10.1016/S1474-6670(17)32483-7
https://doi.org/10.1016/S1474-6670(17)32483-7
https://doi.org/10.1016/S1474-6670(17)32483-7
https://doi.org/10.1016/S1474-6670(17)32483-7
https://doi.org/10.1109/EMRTS.2003.1212753
https://doi.org/10.1109/TSE.2004.1265815
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/978-3-540-27793-4_21
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1007/s10626-006-0011-y
https://doi.org/10.1177/0037549717742716
https://doi.org/10.1016/j.ins.2019.05.021
https://doi.org/10.1142/S0218126698000043
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1007/978-981-19-6309-4
https://doi.org/10.1109/CoDIT55151.2022.9803922
https://doi.org/10.1109/CoDIT55151.2022.9803922
http://www.jos.org.cn/1000-9825/5652.htm
http://www.jos.org.cn/1000-9825/5652.htm
http://www.jos.org.cn/1000-9825/5652.htm
https://doi.org/10.13328/j.cnki.jos.005652
http://www.jos.org.cn/1000-9825/5472.htm
http://www.jos.org.cn/1000-9825/5472.htm
http://www.jos.org.cn/1000-9825/5472.htm
https://doi.org/10.13328/j.cnki.jos.005472
http://www.jos.org.cn/1000-9825/6607.htm
http://www.jos.org.cn/1000-9825/6607.htm
http://www.jos.org.cn/1000-9825/6607.htm
http://www.jos.org.cn/1000-9825/6607.htm
https://doi.org/10.13328/j.cnki.jos.006607
https://doi.org/10.13328/j.cnki.jos.006607
https://doi.org/10.13328/j.cnki.jos.006607

4140

KENIT(1995—), 5, i +A4, EEH AT AN
Petri W, JE 30k J7v%, FERF 04T

XEKR(1978—), B, i+, #3z, H L4 T,
CCF m#kss i, EEHF LN Petri 1, LAY
T, T30tk 7 ik, HLEE ST, AWMU R4, T4
MRS, TN F R G

INERE(1997—), B, 4, CCF AL R, &
TR NRAR RS, SR 5.

ZERRE2(1982—), T3, WFFL I, CCF Bk i, &
TEAIE T AT LA B, B R, B R K
fETRE.

HAFFIR 2024 55 35 5% o

FKBR(1986—), 2, E % LARIN, 3 B0 745k
AN TR, AKX RS

fRE%(1994—), B, THEIN, TR TN

BUR(1968—), %, WL, HFAL A, L4 S,
CCF e A, EZOT AU A& BAF, 15
BLEEHL, N SR,

© P EBEEG T

http:// Www. jos. org. cn



	1 优先级时间Petri网
	1.1 Petri网
	1.2 时间Petri网
	1.3 带有优先级的时间Petri网
	1.4 使用Pri-TPN表示分配处理器与锁的例子
	1.5 优先级时间Petri网的状态类图
	1.6 基于状态类的最坏执行时间分析算法

	2 带有资源分配与优先级的任务依赖图
	2.1 任务依赖图
	2.2 TDG-RAP到Pri-TPN的转换规则
	2.3 TDG-RAP到Pri-TPN的转换算法
	2.4 算法正确性和复杂性分析

	3 工具与实例研究
	4 相关工作
	5 结论与展望
	参考文献

