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Abstract: Distributed systems are complicated real-time systems, which have been used in many safety-critical
domains. In order to ensure the real-time constraints over the tasks running on these systems, the traditional
schedulability analysis techniques, based on worst-case response time analysis, usually consider the worst case
which could never occur in real world applications, and therefore the obtained results are pessimistic. The model
checking technique based on automata theory could exhaustively search the whole system state space and return
precise results. By using formal methods to analyze the schedulability of tasks on distributed systems, this paper
presents the formal task model on distributed systems. It uses action automata and environment automata to model
the task execution semantics and the external event arrival patterns respectively. It also translates the schedulability
analysis to the reachability analysis of the locations in automata network, and proves the decidability of
schedulability under certain scheduling policies with attached conditions and scope. Based on these conclusions, the
formal check model implements a schedulability check tool, SCT (schedulability checking tool), and compares it
with other techniques and tools on accurateness and performance. The comparisons show that SCT always provides
the most accurate results but with the longest execution time.
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Fig.1 Complex activation pattern
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EX 1EMEB ). 35 A ZhHlLE — A s Todl 4=(Sync®, L, Lo, X E,inv), H

o Sync® A RFAES KRS A BEINLE S

o LRAENARES Lo AWM EAS WL LocL;

o X E—HMEEELES,

o ECLx[Sync’]x2'x@p(X)xL & X T IR KR A5 [ R0 & o DR AT B i F e

(1, sync? A, S1NFR AR 12 1T #, BAAT A BENHLIE RS St syney b R0 ACX & 4 5 1) B
i H.5e @y(X).
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P 2 S A0 AT F SR B . i 2 A R OO ) 0 A 9 A A i SR A 1 481 1 AR T 2(a) R, B 1A
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Fig.2 Four cases to illustrate how to use environment automata to model events
Kl 2 AT A sh LAY 4 AT
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TR T HE ). 5540t Suspension [ SHHLET i BT B0 A5 Bz B C gt — AN R SE A TE I SR AR A
D(CYFRA T I A5 BRI 2T U c~c B c—c~c R T BRI AR A XE S H cheCre{<,<,Z>}e £
™ HREL

FE X 2(Suspension B #1#]l). Suspension HZIHLE —AHICH A=(Sync,L,Lo,C flow,E,inv),

. Sync e — M RFHEE,

o LRAEMNERES Lo VI EES WL LicL;

o CRNARINEFES;

o flowl— H'i'lk ST B AT b1 U1 B 25 385 R 3 {45, 3 o k=1 B 0

o EcIx[Sync]x2x@d(C)xL & X TiTH K E;

o inviL> Qo) IR IEAAL H AL

7t Suspension HENHLH, W HVe,e CVieL flow(l)(c;) e ME— I HE T AN & — >3 [ E, FRIX Tl Suspension H
ML A AR REAMT N BEWLE B T H — N MR &R & C 240,167 — DA R 886 DI
RIS 2HE 8 SUNTERLE | ENERS CuD B4R 280 Roo I — AW v X teR=g H virteinv(l), v+t KRS
T dieD A3 vi(dy)+, 5 T 2 flow(D)(c)=1 BITHIN 8 ¢ 1 vile)+ X T AW A2 flow(1)(c)=0 [ ¢;, Fe vi(e ) A&,
X XcCOD [ XIFRRTEAL S [ RS X TP T A G % {EE 0.

EX 3(ITAHB ). 178 BENE —AT—JC4 4=(L,Sync,Lo,p,0,C,D,V flow,E,inv), 2

o L REMIEMARES HWL L=LPOL AL B ANEAMEES L R NS EES IFH

el VI=Ll'ep (1) FrH N Root,
o Sync R NHMRFLMES WAL Sync=Sync®USync® H:H Sync® Rl Sync® 73 BIFR h A5 A 45 A RN 8
HIEA S T 55N ER B A H A AR 55 [R5
o LocL’ IR BHES,
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PD)...op™ (D), FoR | BILFTH FIML B BT 4L 8 A Bk, o 7R plf) B R AL 33 P
o o L—-{andxor basic, TPV RN E R — N KIAE xor BRI E T TEAEMNZIRE—ANEET
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1T R B BHL, LR BRI 2 Z00 8 35 £ 1(8) o(Root)=and;(b) o(p(Root))=xor;(c) o(p*(Root))=basic;
o CHID oA BTN g & R B d & b | Cl=|DI=n(n 52 % %0), JF HAFAE C 2] D HIXUN B
f:CoDAEAF C A D Ay i 3 R B 7F —— X O R AD X BN TP 3% ;e CARE— AN H L
M, il A o A S M, RN dieD AFAE AWM, il d A2
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o flowi"—> 21t S g B 0 52 68 4 B =1 5 0| CISINBR S B XU R
1 WS 20595 12 L |flow (1) (c;)=1 X O} C (¥-7-4), FLIH L o R B 1l
(@ TEEENZChEme RfeH — Sy 1
(b) WA ZAFETEREA T 2 e C WEAR N O, %I % — & AE7E— AT I 2R H K 20 1,
(c) WA Z] C vh P I TE I3 G AR AT 0, AT KB 4k 05
(d)  WHR L'cp’(Root) 1 4 i ] B Ab T 35 BROIR 7 () 3 A A7 B 4 & WU B()=C HVILIeL! 121,
B())nB(I"=2.
o ECL™X[Sync]x2? " x @)U MDY @o(V)xL” 3 SUEB KA XALEILH =(lniSyncidonis Suir 1, )
SR PR
@ o Uw)=p (L,)=l,ep(Root) H. I,;eLl’ I, e ";
b)  ciedy M BALNY die A, i A2 fi(c)=d;
() WH(c =M,) € S W) flow(1,)(c)=1 H.(c;:=0)e A, H. flow(l!,)(c,)=0;
d) X MEE o W R flow(l,)(c)=0, W GunDy(c)=D. X £ B W A~ W FH » T B
€ = L lsyne{ 1, 4, 8,:.0,) R, = (1, [syncf ], A,;,6,, 1) i A2 i PRl
Q) ) =P ) = p7 ) = P amEn, HG, FIGS, FL HE E ;
() WA 3eici(i#) fow(li)(c)=1 H. flow(l;;)(c;) =1, Wl Z5ti5 A2
) (q=M,)esiHH
2) (c‘.:MC‘)eé',,,iE_vlw (c;)=0.

o inviL'— @y(C)uDy(D) R E SAEIEANL F 1A R

VERAE R A7 BB HLA B P AT B AR IC 7[R [m] 2D S, ik e A0 2 5 SC 3 e 9 & TR
58 SR, T A e R B AR AEAT 0 ASIHL S PR A Eh L 18] AT 0 AL S AT 0 AZhHLZ 18], 3R
B HLL PG A S L2 18 [ 25 I8 1 2B MR REAKSE R D A4 & Sync® L3058 A BN HLL 358 A Sl 2 18]
e SCH)IFAT L& B 2L AT 0 B S LS 85 A shfL 2 18] LUK AT 4 B S HL5 47 0 B s L 18] )[R 23T % %
AU TN I8 B IFAT AL G B A 58 R IR, 52 5 W P BR AT 2 QB LS SR 5T B S Lz 18 AT 24 F 3L 47 0
H B HLZ 18 (K AT 4 G 5 A R PR AR o SOX AN B4,

5 FEESHTER
AT — AT 1 SIHUARRE A Kb B13% b 09T 55 AT 18 SGUEAT G ME, DR, ) — b 2% B (R4 55 2 1] i)
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B ARl DGR W AT A B BN B 4% IR 1 10 [R] 45 ¢ AR ok A 1T S () b JEE 2% B A 4% 2 T) (%) 52 e flh g oK
RAEATE B HATAL I E IR (R4 F T AN RAT O B S WL ISR L 1 [A) 22 50 ZR SR @A 4 WU, i BBEAT: 4538 LI AT
o E ST RS 30 75 TR ASAL i S R I FR G B S LN IE R L R A h T i 1R U7 8 B M R, 4 A AR 2k it
R, 15 1 T 4% 350 23 BT A AT A AT R LB AL A Kt 4 A R G P e — A B8 1 (94T 45 AT U P S AL
T B A ST 55 40 A M 55 d R T e [ I L B SE 9 8 5 Wimceil (DA P) (R #L ceil(x)IZ[A] x
) B R AE T FE), T A5~ 2 2 1 S U3 A 45 e oK mT R [ N HH I SE 0 5 B 50 W, = ceil (D, 1 P°) -k, 51 NIRES
PRI state(T;)={suspend,released} sy Ml K mAT55 T, (5 j AN SEBI I AR AS ssuspend ARAS FH T 7B 4 155 5
BIAL T HE AL S AR released RZS H T @ARAE AT 55 S8 41 48 48 i 22 0F N AT 45 BA A v i 45 42 D0, 51 N 31 4]
HP(T)R7-AT45 S50l Ty i 7EAT: 45 5t 4 BA A b HAT S v AR 56 21, 18 W) HI(T) R s AT 45 S48 T, 76 4 Wi 45 T, &
2005 i R R S0 v B S i DL SR R B AR R HP(T )= True, W) HI(T,j)=True. th T HE 55 F AR5 241 (A0 S 2t th
SR R R SR R e T, R G RT DA R B SR 3 1] HPOR HIO) 305 k.
51 EHIEXER
TRAT 55 B A 5% 01 DX AT i B35 I PAT 15 3R, WA AN 103K (199385 3K 23 ik R AT 25 19— AN 37 SE A9 3EAT AT AT
5 T WREAS 240 Ty, A8 FH— AN TE 238 o At I e 16 SRR v S ), A8 — AN I 8 o vt i SR AR A b I ) O HL3g
K fulley)=dy SSEEAATSS T, H A7 S48 (R AT T8 A AR 1 B 7 B R, FL AL 1€ p(Root ) W A
KRR BT S8 T, A7 0 AEIHL A AL LA BT M7 & L ILRR
(1) suspend 3K 7~ % AT S W T A S AR E R WO, IF B V)L < < W flow(suspend)(c;)=0. It
9l\,suspendeL0.
(2)  ready; FARAT 55 LB T i SREHPAT I P 1< < W 30 BT B 88 38 K SR RIANAR 2 SN
(@ Vmlsm<W,flow(readyy)(c:»)=0;
(b) inv(readyy))={Vml<m<W,d,,<D}.
()  running; F7s MRS L0 BAT St se 20T AL THATIRES b 1< i<W
W m=j,W flow(running;)(cim)=1;75 W flow(running;)(cin)=0.running; L IAAL 5 2 NS {c;<
C,Vmlsm<W,.d;,<D}.
(4)  error; R nAESS T W HEAS ST AR 1F 39T R P9 2 1 0 AT 58 52 0 3 A0 error; 04 58 SUANAR £ 1R 40
Fevl by 2838 K R R A0 R R — ELHE N 1 U W ZAT 4 AN o B2, 0 A Ar B 45 3R
R0 1 I E T M B R R 1T S RN
(1) A7#E suspend RN E ready;(1<j<W):
TR &3], 1</< Wstate(T)=suspend,
2 AR
B H0;:=0,d;:=0,state(T;):=released,
2 fMmE running; BN E readyy:
T A HP(T )+ True H(T,)=True,state(Ty)=released,c,=C;d;<D;;
[F25 ARl (AT S5 T, 2 B A%l R 06 R IVRAT 45, WA [ 28 At pmad, 75 W JC )25 A b
Eﬁ:c,-j:=0,dl-j:=0,state(T,-j):=suspend.
EH T 68 e T B, AW AR T — — FU 28 T A A AL RS A IR B 1) 24 3R G 3R AN 28 JLAS S R R A% 4% 14 im LA
O, HoAh— 2T B LI W AT ready; FINL & running;; 2 18] IF1E B 4 A B e T 4 (0 U4 5 S s — A &
B B TR AR 56 6 a5 i
WA S H — AN HREEN K B 00 XAt B AT R AT N 22 AT 5 e 2 R —MESTE
FES5 BAF v 2 22 i [X A 2660 AELATD AT B AT T 3K 4 4852 203K I, DU 313K 1) AT 1 5K H 3l & 8 R4 TAEH — A
T 2% o Sk vh B & 1 BRI S R A — AN 8h g R i BRUEOE R A B £ (c)=d R AT S T, 00
I AT S — AN 8 L R LT B A, LI AL 1€ p(Root ) I BN IX AR B AT 45 T, 47 0 B 3L A
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HIAEE AW BT MO R PR
(1) suspend FTRZATSSIE AW EE, I H flow(suspend)(c;)=0. 47k suspend e L.
(2)  ready; FRAES T, 4 S AT Hoh ,0<5/<< K, I Bili & flow(ready;;)(c;)=0,inv(ready;)={d; < D;}.
(3) running; RZMEAL S LW AAF RS NAELIF B L THATRE, HP0<;<K, A
Slow(running;)(c;)=1.running; b.INAZ g L EE{c,<C.di<D}.
(4)  error; TonAT 5% T, AERIEWIIR AR IE R IAT 52 5.
{08 1 I E T IM B 2 R 1T R RN
(1) i ready;, B E readyp.1)(0Sw<K-1):
TR &M
[F 2 FA bRl
L,
(2) AL ready;, PINLE running;, (0<Sw<K)):
T & A state(T;):=ready, HP(T)=True,
W) F A b s
¥ istate(T;):=running.

R G — RS 28 B AT BB A 8 700 B A A (U1 ready;) KA 1228 i X b B R AF I BAT T8 SR A
AR IEAAT N AW T E error; TEHEFPSE AT 2 W, W4 A4 T W4T 25 SR AN T 18 B2 3 A 3t T LA
T HT RS E BIHLARIAT A 1 B ML I 25 19 HAT 415 K 23 B 53 A1 2R G AT 45 10 ) 55 4 1) L.

EX A(FTAEM). B0 E 2 A B (B A 2% ) IAE LA AN BE RUAL S i A e A BE A 3Pt
P, B A D BT b AT 25 PAAT 0 S B TR B SR el —ANAT O B B HUERAR, i AT Z IR B S A LRIAT 9 B BIHL I 4%
B FHAT LG T Ik A7 B AR & M A IEATAT AL E error, WIZAT 558G T I BE.

TR Rk ) X TT DA E s B L

EIR L WA A BEAR bR R SR N 3 AN A AT PUIRAT 45 (A 45 SE A1) 2 F) EL R M T PRI 4RAT 1T i) 222 [ 7
KADRER AN —MMES (5 SN I DLW HE T AT I 8 5 55— AMME S (45 5200 M 2 4 i T 1A
o A8 1 B 7 2 A) 1 b, ) 22 Ah #2381 1ROAT 554 6 O AT R B X T A S 1.

IR E X 3 AR 5.2 AT INHEIS 2 W HES . O

IS 1 b PR b0 B SR O T B S 2 —

RMS,EDF,DMS(deadline-monotonic scheduling),FPS(fixed-priority scheduling),FIFO(first-in first-out),
)22 Kb 383 b () AT 45 46 B 1R PT i B 1 2 T 1) ).

IE ¥ W] LUK RMS,EDF,DMS,FPS,FIFO 451 FE SR I AN S TEAT A A SHLIE AL ready B running WIIE
Bt B9 S NI c—ci~c B c;~di~c(cic;e CodeD,c 52 AR E) (RIS ] 29 3 A5 ok EDF i S8 S W, > i I 21 85
L BN T BT (A 55 L ST B =0 AT A FL B LB AL B ready BINEE running W 5 AF LML a5 0 B
W di~di~c(d;,die D, & AR R 74 U A 1 O
5.2 1{TA BRI E 4R

SCHR[30THE I T W R P AN T 28 5 1 W]k P 40 2 T 0 1), D) G AT 2 e 7 P ADE IR AR AR SO AR Y o
R85 BHL A 5L I 18] S HL, 7 ik S g ) ) DR e A EREE B ShHLRIAT 1 ShHL I 2% (1 R AT 4145k
3BT R S () DG BT T UE AT O 1 S AL Rk P 2 T Y IR R AT e I R AR AT N
BNHL T IS P 3 TR, A1 SR 109 2 TR 240 28— SISm0 L ] 5 19 B 3L Bk T AT
0 B BIHLI P IR SE A, 1 ST T B AT O B AL B4 E RS R T R SEE AT O B B ML ATk ) e )
AT LARI 24 20 5 R 2k BR 11 (1) Suspension [ AT AT 8 P4 ) 58 1) R 1 56 45 H SRR R BR 31 1) Suspension H B ALY

TE X 5(H 45 TR PR &I B9 Suspension B EHHL). HrEFK FRHIH) Suspension HahHLE B Wi N T4,
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Sync®,Lo,C,D flow,E,inv),:7:

. L,Sync® Lo 52 XAl X 1;

o CDIMEXIREN3;

o  flowL— Hgk, S 1IN 25 398 K T R e T A R A, L k=1 B 0,395 2 R X 3 AR 8 TR (a),

(b), ()Tl Ay 3 2% Fi il
o EcCLx[Sync’]x2Px dy(C)o d(D)xL & X T 3E# K R IMERITH ¢, = (I, sync?, 4,8, 1) i 10 N PRl
(@ cied B HANY died; Hii & fu(c)=d;;
(b) WR (e, =M,) €5, flow(l)(c)=1 H(c;:=0)e A H flow(I))(c;)=0;
(©) Wk flow(l)(c)=0, M N @o(c))=2;
(d)  #3eici(i#) flow(l)(e)=1 H. flow(l))(c,) =1,
) (¢=M,)esdH
2) (¢=M,))edsHv/(c)=0;

° inv:L—> @o(C)U @o(D) A B L AR 1 R 4L

A5 F A5 5 R BRI 1Y) Suspension [ B Lk 2w AL (R BLAL) AT A B S AL, 05 35 1A ml s P 540 5 el s 24 31 152 1)
AT A ) 5 ) R SRR T I, S S — 5 T 8 AR W e i AR v g e SR IS BR A AR A
PR TAEAT 0 BEWNL xor FlI and 8 BT B (1) A7 7, L [R]H Ad T3 BROR &S IR 88 AN M — DR ks, A P 67 658 T 5
8£E confy KRAT N BENHL A T R AL T0E BROR R A7 5 A A, I AT AR DU B 3 I 5 A5 HH (confy
MICE RN A confy,):

(1) Rootieconfy;

(2) WRALE leconfy; H o(l)=xor, W3 e p(I),!' e confy;

(3) WP E leconfy; Ho(l)=and WV e p(l),l' e confy;.

EATHEIIPL 4 T, 018 ecE 1T source(e)F target(e) sy MR RNIEH e HIVAALE R H WAL E, A L, X F
confy; F confy; Z [BIHIMEEITH ecE, N1 /& source(e)econfy; Ml target(e) e confy;.

EIE 2. 474 H AL AT ISP w4 5 0, an SR B 0 8 () 7 RE R BRI Suspension [ 2 AL 1) A I8 P 4 2
A HE.

RO T AT O BB A BR A B O 0 A S A R T LR B AR 5 A E A S AT 2 B 30 HLIK
EVE S — B R R A A NS 2n 44T 0 A Bl A=(L.Sync,Lo,p,0,C.D flow,E,inv) ¥ GEW AR5 01T K0 W 24
T kg — N8 . P ot e Bk R ) 2 48 Suspension B BIHL 4'=(L',Sync®, Ly ,C' D' flow' ,E' inv'):

(@) PrEFFEDIAMA DRIF R RAE LS confy TINREANTTE confyu NN A —AMHE 1 el n

R confy; PRI A AN B Z A TP IIVILAALE,Z confy TR N I B2 A HIGR A .4 Al
A'HIEEES Sync® F 1A
(b) TIHEREEE C RN B E S D.A P I 2REES C RN B EE & D 2 BTN A R T i 2846 & C R
PEES D HE
(1) ICFICLIDI=ID;
(2) VceCdeDfc)=d;,3c,eCd eD fl(c)=d;
(c) flow F inv RELIAEEN confyeconfy LK. A HIALE I e LI EI flow' F inv' HUE LR
SoW () = Ay ceony , JTOW(E)inV' (1) = A coony, inv(L)-
(d) TR IR G O
(1) WRTEARE —FNGE L BINCE L NI ey 5 —HMNALEES L, B EES L(L,,L,eL)
WL ES E,cE [F2, H Zk,-econﬁq,-,L,,,gconﬁ”,lkjecoanj,L,,gconﬁqj(conﬁ“,coanjecon]g,lkl-,lkjeLb,
L L, L), W CL EFR AR IERAE AR N —KITH ¢ Wi /e source( e )=confy; H. target(e] )=
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confyy H. Ay =~ 2y Apcp Ay HL6, = A8, A, 68, JFHEITA WEFHRIL sync] € Sync’;
(2) W A PEREITE S ICE L BINE L BT ey 28 (L e confynly e confy), W A" X B 1T
¥ el ili it source( e} )=confy; H. target(e] )=confy 0 4, =2, H &, =3, AR LRFEARF KN
AL sync? € Sync®.
iﬁﬂiﬁﬂ’]ﬁéﬂA IR gi=(confiui Vg, JIE A" FAFAE DX NHPIRES ¢f = (1,v)) L, 1 =conf .
R A =R g=(confy, v conf YOI HI g BE, ) g, 76 AP 6 RCARZS 0T H g B35 DR, G SR R 2ok PR 1 P
Suspension [ AL I AT 5P T ), W4T A AL R Ik M mT ) e . O

0T UE AR R 1Y Suspension [ Sl AT TR P A TS E IR, 4 S L 24 B T M T A E I — 2K
B 1) 1 B ML PRI AR B ) 1 Sl L2, b s PR o A ol P B T 11 Sl R 4 A2 S SCiR[22].

TR 3. AR IR BRI K Suspension [ B IR T 2k 2 T ) 5 1K)

B E B SR B R AR R W N AN 26+ 4R AT FHRGE I TR A BAL A'=(L',Sync’, Ly XE'inv') K 4ihS 2n
AN R R BRI ) Suspension [ B ML A=(L,Sync® Lo, C,D,flow,E,inv):

(@)  BLE AL G4 k= {0, L L A IR B L L' (LY OLT I |LT|=|L) A A" ) 7 5%
BRI e L SiF TS IeL f R TEI 38 8 rh BN T I 2% 2 ¥ (38 K st A L 4 A A TR
WA F A Sync;

(b) HBES X FIAE R RELA PRI SRS S C R EES D 2 AN X ISR T4 X,
%D X, 38 /2 |Cl=|1 X0, | DI= Xl X= X1 U XpUxg. A" Y B ()R A TP R 1 B A AH R] AN A% 2 v 4K

() B AHITR e=(l;, sync? A0, 1) % REWN T JLFP IS DL
(1) WRVce,eCflow(l)(c)=0 H. flow(l)(c)=0 4 L 5 I 3 TH),C h A vHIN 2R HIMEH N 0.

B, A" P N ERE N € = (L, f ) synce! 24,6, (15, 8)) e, Ve;e Cfle)=g(c)=0 H.A,=24; H.8=6.
(2) WwRVe,eC flow(l)(c;)=0 H3le,eC flow(l;)(c,,)=1 0 A" XN WIE# N ¢ =((, 1),
sync!, 2, 0:,(1;,8)) HeH, Vei(izm) e C fc)=fen)=g(c)=0 H gle,)=L' H A= H§=5.
(3)  wk3Alc, e Cflow(l)(c,)=1 HIlc,eC flow(l;)(c,)=L(n=m), A T I 5
) (c,=M,)es, H cueds W A" XN W 46 WP 3T B e =((, /) sync] A 800),
e'= (l].T,Zm,,é'm,,(l/.,g)) ) Y ;)40 {xll. =X —Mcm}u{x0 =0} Ho=6 HA,=0 H
Sy={x=0}H. g(c,)=0 H. g(c,,)=J_’.Vcl-el,-(‘#m,#n),g(c,-):(),H_Vcl-eﬂi(i¢m,i¢n),g(ci);f(ci);

2) (c,=M, )es H cpedpd TXNIIEREN ¢ = ((, 1) syne!, 4, 8,1, 2)) FoH, A=2; H.
6=6; H. g(c,)=L H. g(c,)=L".Vc;e A(izm,i#n),g(c;)=0;V c;& Li(i=m,i=n),g(c;)=fc));

4) wmAIte,eC.flow(l;)(cn)=1 HVc,eC, flow(l;)(c;)=0,4" X N HTEH R ¢ =, 1)
sync!, 2, 8,,(1;,8)) Fe Ve,(izm) e C flc)=g(c))=g(cm)=0 H A=A H.6=8.11 8 AT fE A A1 5+
IR T IR 28 0 2R X R R 0T B IS A AT 4

L6 A SRR IR ] A AL A0k BRI Suspension HETHL 4 4ifd)E.4 T RIEANRE ¢=(,
v, (CUD)) AL AFHAT XTI BPIRZS gf =((L), (X2 0X2)) F R fe)) =0, v, (,) =0 W2k fle;)=L", )]
Vi (¢;) = uey) s WR flen)=L,0 Vi (¢;) # p(x,) It HAEALAT 88 b, VdeD, Vi (d;)=pu(xy)) RED=N Vi (¢;) # p(x,) F
o)=L AL A Fl A2 (R RPIRES S N 26 2R KR IR Bl A TR ¢)—c~c IR IS TA) R AR 40 1) () () oy, HRIEL
KWL E R, MR, IR 41— MR ¢, =, (Cu D)) B HRF g, BB, AR A AELE— A0
PR ¢ =), (X0 X)) W RE HT g 75 A" FFOGS N FRIR 25 235 R i 4 5 7R B 1 1Y) Suspension F B HLEE S s A1
FRURE B I TA) B Bl AL G A, Rk o A 2 T ) 1 O

IR 2. 470 BB ATIA 1 2 T A E 1.

IR 3. A7 AL TR AT b T R SR 1 S I LT 55 (1 55 SE A9 ) 2 ) EL 28 il 17 PRI AT B T) 22 ) 1 K
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N B, T T R — M4 (1145 92 ) i L 08 T A BAT B 18] 5 58 — AT 45 (R 45 5200 B C& 58 T /Y
AR 8 L B T 2 [R] PR DR /N 56 2R, JU)HE i) B 2 AN W] 5 1.
UE B FRT 0, R A ) G E )RR B  t SR AR B, ) b SRAEAE TR W ¢—c~¢ Bl ¢~dj~c(cic;e Codie Dy N H
SRAI0) I BT 1) 240 TR T 0 SR 7 (18 2 A S PR BT ) 150 Sl o, DTGV A0 FH IR e R 0 16 4 0 LA I ) 249 . — T ]
B P e 7 ¥ 5 T I 4 0 o7 5 R D290 L A1 G A P A PR A7 5 R AR A7 I 0 VT 5 1 3 %k
7 224 1L DS LA S P AR 900, 126248 ) R T B 2 N T 1 O
53 FSRTIRE
H T A TR A R GAT 5 AT IE U IR B B HUAIAT ) BB 48 TP ) error TA7 B & T W8, A
K H on-the-fly B2 Hit [ S 2% 5 465 5 IR AR, DUE % 52 4 Wit 12 19 B BL I 2% 100k 25 2% ) BT e )
ARZSBRAE AEAZE AR T Wi 26 75 AR AE 5 R 25 2 1. DBM %[ (difference bounded matrix)EL32w] LLAT 2 %
ARV AE BT A IR 2R AR 1 B i) B L 1R o B ) DR AFRE FEAT S BB AL IR B B LI 2% T A7 7
By 0 1T 25 Bk, 4 T4 DBM Bef B2 EAT A B S HLRIEREE B )AL I 26 Hh PR 28 I 1] X sk, 3258 e X
DBM F I I R HE  SKAS AT EE B X 3 S840 T 23R Jy 8, AR 15 4 It AR o1 I 28 G Bk O T IsF 28, DR 4 B b s i
— PR R TF B 2% O — E DAOR 1K
A kAT RS x1,x0,.0 00,38 DBM A —AN k+ 1 GEARRE SHE R 1<5i<<k,Djo=(k,0) /R~ U I 85 x; 107 4 I
T ke B i<l D=k, 1) 2 7 I 8% x; (R K b A &, B e, <<k [ BR, Doy 28 75 T IRF 2% oy 0™ b AR ™ b T A
XPAERE I i Fj,Dy R x—x; [Tk B AR 4% b FHE. R T A3 A~ DBM I IR I 8] da— X 5, PR) b 6 250K
DBM 1t A bt JE 2, B VO <<i j, [<<k,Dy<< D+ Dy} 3K 5 AR ARZS (¥ 1] 5] DX 35k, 52 SCAn R 3 /> DBM #:4%::
o RAZ(A)FTAFRAER) DBM D F D' € XA D" I D = min(D,, D)) SRATHEAR 58 15, 5 Sk 2
13210 D it 27 IR B 1] DR 075 O 2% 85 A 0 25, AR A AR vt T 2K

o IAGHE(T):AF H DT R DBM D [ [R5 1 A0 M 3ok P b A I 2% o, 986 A2 %, =1, 3L Do, {2
FEANE, Dio (38 Ry oo, ATV IN 5% x; 2 &, = 0,3 Doy (B IR F5AAE, Djo 1 PR AN AR AT I 48 x,, Al x,
Wi x, =1H x, =1, D,, F D, (HRFFAL AT Z VI 88 x, M x 2 £, =0 H &, =0,H D, fl D, {8
TREFA A AT RV I &% o, Rl WAL &, =1 HL &, = 0,3 Dy {48 Ao, D (B ARFEA AL AR5 P45 2K D
FriELL;

o HEE(A=0):MR i HEE B IV B EAES NAL E DBM DX AT VI 3§ x;e A T I Do; Bl Dy 1
B A (0,1) A EE I &% x, F x, Wi 2 x,,€ AH. x,€ 4,3E Dy M1 D, A E 0 (0, 1) ATV I 28 3, F1 x;
& x;eAH x;g A Dy BN Do WAH AT Dy, B4 Dyo A

[ 1tk DBM K45 45 140 1) 23 18] 52 2% 15 kg O((k+1)%), AN A1 (K10 18] 2 2% B O O ().

6 EHITFR R IEREITME

AATAE ] L TR AT 25 25w 2 e R A R AT 24 B B AL 43 A X 22 AbBREE R 40 HAT 25 1 AT i St R i
FEAT S Ti~To IS HNFR 1.CPUy B 3AMTS X NN 3 i AT A AL L o T 5 (5 B, —S6iT 8 4
PEUE % 2 ML B readyy~runningy; T2 ZESE b X S0 20 L i A0 B 9% 1 B f 9 1 B2 SR ms, O HAT 45
LGRS suspend F released #5355 4 s F rAF55 Ty T HH T J2 B WU BB A0, I ) 28 A A 23
R syne] T syncy fE55 T Bl Ty LA B AR R, TR B runningyo B suspend, WIEHH suspends F|
readyso IWITH EARIC A AH R P9 0 S synes T BB =il R ¢ R AT 55 T3 F1 T 2 AT AN R AL BI2E 2 (W] 1)
R4 26 i 5 2 B RV AR I IR AL S e IR © i 1 2(d) ), (145 T R IE IR BEER 70 A ] A F4F syncs
S LR IS FEAR AT S Ts FZ AR B AL MRS F A syncg b 25 LLBRCHAF R, B1 T 5 08 BRI AT 45 Ty, Ts A
Ts FIAT 0 A SIS 2.
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AR FOAT Aoy oA X E A TR
Table 1 Task parameters (ms)
F1 EESHUE (=)
Task Type CPU C D P Offset 3uffersize E entsource DL
Ty Periodic CPU, 4 12 10 0 0 Environment 0
T Periodic CPU;, 2 7 10 1 1 Environment 0
T3 Aperiodic CPU; 1 9 10 0 0 T 0
Ty Sporadic CPU, 1 3 3 0 0 Environment 0
Ts Sporadic  CPU, 1 4 10 0 0 T3 1
T Aperiodic CPU, 2 4 5 1 1 Ty 1
Tl .mspend{ T, P ped ] T, a
6, =0 & =1 = &=0 d.=1 &=0 syney
, ‘ é,=0 =1 —T % d,=1 s@B)=r
s(T;)=s 5 L S(I)=s . a c, =1
Sy 1 i s(Ty) =s.svmey T SEﬁ):f - WG| |49
(L) = : ST,)=rc, =0 SYHCS 6 =2d, =7 5(1}].=},(5 =0 T ms
o =06 = o s(L)=r (1) =5.¢,=0 d, =0 B __30'_
=0 d, =0, 5ync ready: ;-
ready;, d.=0 - 14V5 d; =0
. readyy, «— PUININE C?:O -
4,=0 d,=1 60 * o=l di=1
e,=0 d,=1 a’:= d, =1 t
A -
sypics sinc;
l Y Y
FURTITIG,, raning,, ready; FURRINE 3 rmi_n;r'ng;a
. T =0 & =1 =1 ] |
&, =1 dy=1 T @=04;=1 =1 |— | 4, =1 d,=1
=0 dy=1 |+ - é.,=1d,=1 . -
12 yr) 12 12 L) (T~
57 5.50ncy b";} o | smel s@=s :( :):S - syiey ()= se<ld, =9
12 = 3.4 Sl ) =550 . L7 c Lo L _
5(Th) =r.cn :=O)]n'_] =0 vs(l,) = ?"lfu =0.dy =0 rﬁ<=20d ! y o=0 L 2 :g
| ervon | aE. =0 d,=0 | error; | T

Fig.3 Action automata for CPU,

K3 X CPU, FARSEBEIIAT 0 A Bl

MR AR SCHE (197595, 2 T Eclipse 1 5 D& IF R SEIL T — N3 A AR GG 7 i) Js R TR SCT.H 7 A
it I A 555 B S P R A A R B 4G A SRR RS SL AR 4y B Ja i b B AT TR R A IR (|1 45 ]
SR 45 18 A AT 55 1) S U Wi N2 I 1), 5 LS R o o0 i B4 S8 07 FAT: 55 AT LA B A0, SCT iR 4R 41t 1 i K Tl e
RENE SCRF I O SO 55 A0 i <R AR 3 2058 05 38, AN TR T 38 IV L4 1 36l SCT T H 2 M (KRS A 1, 8
SEBL T SCHR[21]H 19 3 A 2 b DX 1K) BRI 81, BT 45 281 (K- 55 B IR Wi [ I 1] 5 ) UPPAAL i 15 21 14 5 DA Wi 12 f
)58 4 — 2053 50 1 k20 LUA O HoRS 0, AR 1 @ SL B 4 1AL S Bz 18 w9 A~ B 49 (I T 547 329 2% ms).

CPU{

,@

@

S

Input event streams

I: periodic (P=30)
I: periodic (P=15)
I3: periodic (P=[25,...,70])

Scheduling policy

CPU;: FP preemptive, CPU,: FP preemptive

Execution times

T1:12, T5: 2, T3: 3, T4: 8

Priorities

Priority 71: high, priority 7,: low
Priority T3: low, priority 7,: high

Fig.4 Specification of benchmark 1

4 XFLEH 1
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PU,)

o)

I,: periodic (P=80)
Ip: periodic (P=20)

'PU| Scheduling policy | CPU;: FP preemptive, CPU,: FP preemptive
o Execution times C1:3,C2: 2, C5: [2,...,18], Cq: 2
R e T Priority 71: high, priority 75: low
@

Priority 75: high, priority 7,: low

5 UPPAAL X Holistic $5z ARL0E e 23 #7119 45 4 P 6(a) A1 6(b) T 7%

T2 E BHLEL Ve 78 Y 2 T2 AR B0 S RAE T LR 58 BT RERE ) il T AR U 95 RAE R AT 55 B0
2 I IR S 2 ) S PR HOAS H A S B S B S LA 0 52 2% 53 A1 3 S I AR g AT 0 2 20 A O T AT 23
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Table 2 Test duration comparison by merging environment automata
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