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Abstract: Multi-core processors are being widely used in safety-critical systems. Unfortunately, the introduction of
performance-enhancing architectural elements, such as pipelines, out-of-order execution, dynamic branch prediction, caches and
inter-cores resource-sharing, make WCET (worst-case execution time) analysis of a system become more difficult. Thus, time-predictable
system design is established to meet the challenge of building systems for which WCET can be statically and easily analyzed. At the
software level, this paper proposes a time-predictable multi-threaded code generation based on synchronous-model development. At the
platform level, it presents a time-predictable multi-core architecture model in AADL (architecture analysis and design language), and then
maps the multi-threaded code to this model. Real-time specifications propagate down in the system hierarchy. As a result, the proposed
method integrates time predictability across several design layers, and finally reduces the complexity of WCET analysis.

Key words: safety-critical system; multi-core processor; time predictability; synchronous language; AADL (architecture analysis and

design language)

AR R S (safety-critical system)) 32 N H TS T BURAS %06 MREH S (S B 40,
T I REANAETh A8 75 SR 16 A 23X 28 R G5 A B8 VF 50 BB 1) 22K E A B A LU B A A B2, BB 1 (1t B A o1 4
e M2 R ARG AE LA KB R G P A3 B 2 N AR T, 7R 42 A 08 R AP H 2 4% A BRER TAR T 18 2
P, 0 22 4 (safety) . TR 2 M (security) LA B[R] W] U 1 (time predictability) 5. (RAEFR 5 AT I 8] (1) 7] Tt
T G v — A 2 S K DR D g 4 O B R KT S I A BT R TR (1 R R G 1 AT 55
LT RS g i A2 I PR 2 3K (deadline), T g S B0CAHE P R 5 5.7 T U8 IRF (8] ] P00, RO FH R PP 78 H AR A 388 H i 5
YRIWAT I 7] (worst-case execution time, & #X WCET) ] LAk T 43 #7 (off-line analysis), 8% ¥ 7T LA &0 5, 1T
AP B B B vT U 22 AT 45 (10 e B 240 3R 5 45 803 A L,

— NP WCET (2R 2 ARG Z X B, Gl N T . ik, BIERS. AR M
RARAL B 25 BT () M e AR M ML, 1 Cache W/KZR . SLPHAT. & LT, 143 WCET #8155
TN 2 AN TR S Y J O — SE A AL A K WCET M3 A 7 v R T R PL M 5 i K8 M 2K ——i &
S HT AN & WCET 43 81 1 H AL 45 i Mk Ak T A aiT[S],RapiTime[ﬁ],Bound—T LR RAW RS TR LA
OTAWAL”, Choronos!® Heptane,Sweet,Metamoc, TuBound 2. £ 1% kb 31 3 i) % Y5 S 2 /L) (JL == Cache. JL=2 a4k
FAZ R ARV HE—PIGINT WCET Z3 A7 I M B, 3 0 DR AT 7E 2 A% A R A% 1 (R AF 55 IR I 1) 4T 2 15 L s B U I
AT LA B AT 25 1) 0 R o P O DG A8 - B T 5 e B R U7 I b 98, — 45 FR A AT 1R B IR FT g 2 3
FL 2 15 N F A 7] 52 (unbounded); H T35 54 Cache [R5 0] 58, 1T B8 5 B4R 2 K1) Cache Ay A AT IFR L
I} 18] F- 4k i) 1 (timing interferences).

h R Y 20 A M S A SR IR T A, 2 R B A T PR 9 R B

1) ESEAELE WCET 55 2 WF 5Tt T U7 n) 3 S5 SR P sf () S 3R ) vk 5 07 v, 0 W R B 1) WCET
SN LA T 0 R ST K2 T - S R (T R VE O R T 3L WCET 43T T L Chronos, A
FF 2% A0 BEER AH T L BEYR T B8 5 AR PR IR AR IR A A 45 WCET 43 Br T I R 4 23 (Al A )

2) Vet I B T T 22 A% AL B AR X RE T LA RRAIGIB AT FE ML A B AR F AR WCET 20 #73: fE.2004 4, BR
PRFE Bt Be+ Wilhelm 45 H 7 R s 1) 6] 000 1k N 2 R 48 (O T 00 R A B0 358 ) 1y 56 A gt 3 U, e 9 /K % A1
FHFE P P AT A L AT « A #5725 40 S H0 g A4 FH 3h A543 S #0448 H] LRU(least recently used, 5 A
KAf FH)Cache % #e 51K £5:2007 4F,Berkely K21 Columbia K242 ) T £ A8 A 25 F 4% kb B 2% PRETORS 14 IN
DAL, % A0 B 8% B AL T AR B TR AL 28 95 4, T S 2 R ) R T RS B B 4 52 (I PR 2 ;2010 4E T4, Bk
Wl FP7 HEHL(7th framework programme)tH4k % £ T PREDATOR!"*,MERASA!"* T-CREST!"¥ parMERASAl"*145
T 33 L T 8 e FE S8 I ) ) R 2 A% AL TR g DL R — S S RE WCET 1 4 1 7 VAL 1A K R ) ] F 0l 48 47
RGBT

5 WCET of N2, IR [R) m] S50 1 th A DAL 2 A R J2 K b K 2 B AT 90 SO B T R (P 22 A% A 3
) S L (0 G 1 12 1 VR AR, T8 0 T 2 Uk, B T T T 22 8 PR 11 3 Dy v b i )
RE WS 2 IL M 52 MR IR AT Do, LA RS Tf 0 I 1] 38 3G, AR 08 & 7T T 28 4 e vk R AR SR — A T R 2B 0
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(SIGNAL) #5% 784 B =y () 1) [8] ] $00 0 22 28 2 AC 69 4= i J7 7% TPCodeGen(time-predictable multi-threaded code
generation from synchronous programs), 3= Z {1 -

1) % IS ACHE A a5 1) T 4 J Pk, B Kok mT L5 AR R 2 05 5 R 3 T — R b i Rk X S-CGA
(synchronous clocked guarded actions),%5 T S-CGA [fJE B E R 345 H T SIGNAL 1 5 3 S-CGA [ 4
U], B AR A p 2% i it SIGNAL2SCGA, FHAIE B # 4 1038 AREE;

2) 5T S-CGA 2|2 £ TR AR 1) 4% 4, B AR A2 e 2% )5 it SCGA2TPCode, 45 IN B B . 4 18 B0 40 A it
SN S 7 B R NG BN 2> AR R 5

3) LTI AE 2 bk A0 #5110 BRAT BT[] W] U0 1y, 55 I R) W T 22 bk AL R R 1Y) S RF.AADL
(architecture analysis and design language)? 22—l & Z4 ik A\ 20 S I 2R G A 2R 45 ) e B 75 s vfle o I FH ¢
fF. BATHIIREL . WEAFF & DL AR U BT 3 8 RS R A e 00, R A T4 R e DR g th 7 — b
T~ AADL [ I [8) o] 500 22 A% A4 28 5 A BT A D AR SCIW) B ARSE & [R5 15 5 B8 A B ) 18] mT 9300 AADL 2 4%
A6, HbrF & WA AADL B i 1¥ 1 ] AADL #5572 #f T H OSATE(http://www.aadl.info/aadl/
currentsite/tool/osate-down. htm1) % 12 A5 B4 L1 T 4 126 F1 4047 .

e VIR RAT A FISER A T TR, S-CGA DL K& 2 &AL IX 3 AN E KRN, B b5°F & A i (8
AT YRO PR 22 A% A4 2R 5 R ABE 28, 5 BT BT ) AT Y0000 Py 60 Al A7 e ik AT 30 S5 R 3 7 IR kb, B 1) T 0 44 7 22 A4S R 4
AR BUORAE, DT B AR 3 B0 5 I AT I T ) 20 7 3

ASCEH 1WA AR R B R SIGNAL 8 5 R A& 28 2 715 45 HA I () w] T A GRS A e 1 5 44
HEZEHS 3 715 A 4 1) ] T30 AR A A= A 2% 1 3t SIGNAL2SCGA, 45 SIGNAL 5 5 [t S iEE AL 208 XL
[ #I5 S-CGA A RE X 1E . SIGNAL £ S-CGA (1145 #e U K Fit: SCORRFIE I 28 4 755/ 441 [a) A i
DACHS AL 1% )5 it SCGA2TPCode. 55 5 715 45 H IR 1) W] il U 22 A% A4 28 &5 K B 28 N b A1 I 558 7 2, 0 4 th R et
SRS HTHESE. 56 6 154 tHAH OC AR LhBE. 58 7 W2 AR SO 5 f J 2.

| AEEEER

1.1 FEHRIE
GARKBER G — AR WY 20 R D (reactive system), R 24X 28 3R Ge 45 AN W7 MU0 A1 350 PR 858 B 4728 LB AS
W AR BE P AR BN E S T 4 B AN IR BT A A R G I R B A . B AR s N SR LT
[l 20 O — P B S N X R GRS T i,
[ 2018 5 36T A 2 5 28 (synchronous hypothesis), 41 K] 1 I 7, 75 B BN ] bR IE R0 41 R4 1 D g7
S AEREASE B I 2, R SR i N -TE S T A0, B A SR o % AN B8 UE FR 1 B e i A\ i DR )
ST IE; IR, 2 AE 55 2 6] SR H [A) 22 9 0, B0 3845 I [ 2 0,22 4F 55 1 AT , 28 40 o= 4 JRUAA 1R P 30T B IR
45 JEHSAH [R], AR B i 52 M R R, D R AR & R R IR BRI A S UE RE T REAT 4. 55 4F,
[F) 200 T AN SRR AN T S 5 (0408 B 38 VA, 78 BRI 20, LR 38 A 1) 5 SN2 IE R G810 Dh AT 24 40 20 D)2 i 1o
TE R I 2] 1R vk Bk 22k 1), TR bt 1 BR IR B0 BT 9 5 1. DL B RRAE AR A5 (R D 8 5 R & & T T R K Wik 5 Ak,
WA 15 [R5 T 1R 2 4 DG B AR G A A 3 S Br B L 490 4, S & | SCADE(http://www.esterel-technologies.
com/products/scade-suite/)([F] 25 1 & LUSTRE LMV A fRA Fz HIF & FRED) A A350,A380 1) K45 T R Gk 47 1
LRI AR 2R .
H 17,77 ESTEREL®Y LUSTRE™,SIGNAL®,QUARTZ2% [F] 15 3, Hith,
o  ESTEREL,LUSTRE LAz QUARTZ i 5 il Fil 4l 7] 22 B s (perfect synchrony), /A7 £ — 4> 4 Jay I i (.
i),
e 1M SIGNAL i F ¥ H £ 5 [F B (polychrony), B, 22 I b e % 51 1 AR A 07 B Kk /- A X R 4, JU H
4 R R A 2P 2 48 (globally asynchronous locally synchronous, f#ij#% GALS).
B 2 A2 AL BRAS 1A )2 A, 22 25 () A A5 B B 2 DGV 2, SCRR[27-29]4% i SIGNAL 5 35 19 2 2 P AU
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AR T (IR EE I TUIE BeAT 75 FE I 18] AT T R

o001 ol2

-  a—>
Command @ @ Command @ @ @
Response @ @ Response
o O @ © O© O
N ol 2 1 1,
Physical time o Logical time

Fig.1 Synchronous hypothesis
K1 P R%
1.2 SIGNALEE

SIGNAL /2 1% [H INRIA-Rennes S5 56 5§ H ) —Fl A W] U8l iR 20 0 35 4 IR0 s e AE AN 2
BN 20, 3R G - v S f DR, — AN N sl D — AN RELR 41 SIGNAL 15 5 F8 2 415 5 (signal). 45 € —
NEEINZAE S s 0T LLAFAE (present) FEH7 A — NHUE v, 803 2K (absent, it N 1) f5 5 s BRI B INE ZE 5
FAERI T R 2 ARG CN § MG T 59 M sy R, 24 HACSAEAR [R] 1932 48 I 20 P9 M5 5 [ I A7 AE AT
IR 1,3 AN ining BT out, SEIN 052504 iy, iny T out 3L, = A A5

i, 3 L 6 L
inp L 9 1 8
out L L 5 L ..

A TN/ AF 5, SIGNAL 5 5 8 B v 45 U 07 2R KB A5 5 L 1B I D BE 5% R (VB0 R 8 0GR
(FEH).

T 45 SIGNAL 424E T 4 PP 454 (primitive constructs), £, 35 I It 5% 1 (instantaneous  function). &R
(delay). 4&1F KA (undersampling) LA S i % £ & I (deterministic merging). 3% 1 25 H T 4 FiFE A g4 (138 v FE
S e ) AR RIS S, A A0S S A R I8 B IR A Ia S e AR F R T H s S SIGNAL
R R R ).

Table 1 Syntax and semantics of the dataflow equations

R Bl A A G R AN X

kA ik .4
Instantaneous function | y:=flx|,x,...,X,) 2 X1, AL AEAE y AER Axn %0, 0%0); 13 U,y AL
Delay yi=xi $initc | y WIUEA xi FEAT— A BB ) AL VIEN o SAL I p 1AL
Undersampling y:=x; when x, 2 xy AFAE 0o A7 FLBUE A true,y BIME Y xi BIAE; 75 W,y G
Deterministic merging | yi=xi default x, 2 xy AL,y IBAE R X032 x) ANAFAETT xo {%E,y HIIAE R x23
2 xy Bl ey [N A7y BB A x5 75 ),y BRAL

SIGNAL MAEAR G MR T R 5 5 Z M E S R, IE RS & T 5 5 Z M I 805G 2R 6 T ) oR 2R e 3R
BEAE, T 5 5 A2 [R5 10,38 P9 P VR Rk by PR ) B 8/ (monoclock  operator); X T~ 45 1 RAFE 55 y fA7E 4 H
Y x) AFTE LA xp AELE I B g A LG e ]); 0 T B AR AR 5y 4770 2 HAY x A 7E B xp /776 B T
S5 P RHEAE A5 5 IR LAAS ), DA 0 4% BR Oy 22 B 8184 (multiclock operator).

LR, SIGNAL I #2 (it 7 1 2 19 i e 4 25 9™ JiE 45 #4) (extended construct), A {14, SIGNAL F42 /3 [f) % 1k . 4n:

o WP EDERAE x M=

o IBMESTRVE IR xox Mooy BTHE xo0 Mgy FME xix A xg;

o INEPELEHERAE: X <xa, X170,

R J 45 84 (1415 SR AT DU S 2 A 45 4 D 3 08 . IR I 7 A SO 9 o JRAT AN 5 R e AR 25 4.

2 SIGNAL Frfar N < far H LR A T 208 TF S0 B0 i 46 20 4 & K W B — AN 1E 2 (process) BEFE A 5 R
AR A1 A (composition) -5 J5) 8 7 B (Iocal declaration), L3 2.
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Table 2 Syntax and semantics of the process
2 UEFERRACE I IR ANE X
£ Bk 5
Composition PO P Q IEFE PO ATl PRI Q AT WAL &

Local declaration P wheret 1 syt 25; ...t nsy;end; P ASEFE,s) B s, 5@ XAE P IG5, 00 ERERE P AN WL

48, SIGNAL & 547 2 F 8 30T S, 0 T 15328 1R H5 FR 15 X (trace semantics)®®Y, BT 76 43 15 (14 ) ) 2 471 -
T 5 2 1R T BE R A 56 2R 5 T bR B AR ) F5 0k 5 L (tagged model semantics)t' RV, 75 i 5% ) i ) 455 704
AT 5 2 T R T RE RN I Bl G 2R 45 WAL B T X LA K kT [F] 20 A8 3E R 4t (synchronous  transition systems, fiij
FR STS)2H) 45 41 T8 SC4% A SCHR 33170, AT 2L T 52 BAE W] 38 CoqPYREW] T SIGNAL 5 3 11 il ORFR 25 4
TE S S 1.

2 TPCodeGen E{KIEZR

P 2 4 T I T % 2R R TPCodeGen 1144 /RHEAE AADL X1 REFIRCFY . JZA7IITREE, B
T2 BB SR 00 0 R A0 5 T 6 90, DR D A P2, B T L2 ¥ 5 PR3 130 2 T
BB AADL % S F AU A0/ K, 4B AADL JR PRSI, 4 U 1] o[ B AADL 2 b 4 5 45 H BURS JF 36 T
AADL i 25 RBP4 53 07 J5 £, 1 5 8 10 T 00 25 A S R

IR T AT T 2 R ik N 50 R e Tk
CEZ e SR
(SIGNAL lustre, - + (period,deadline,...)
esterel,...)
No
L]
By ieit] Validation
(S-CGA) { 4
¥ Yes n SRy
L s Fn < (period,deadline,...)
(AADL) PR
AR LFLT 7%‘
RGN v
I ¥ 7y e o =
syt S
h %f&é])ﬁf;] B + (period,deadline,...)
é
REEETIE BRINPAT IR 1) 43-#
(T-CREST,PRET,...) (@iT,OTAWAKH J#) | Satisfaction

Fig.2 Overview of TPCodeGen
2 TPCodeGen [ 44

AT Z N800 3 AN EL

o [APRIAY

B 28 VI AR AR AT A W) 280 08 5 AR W& A T 0 ZR 48 vk, i AR B HAl 7] 25 75 5 SIGNAL 35 5 T H 2 35 )
AR R 2 I, BE A% B 19 AR RN {8 M SR 08 A A IR G, U IR A R e P R R R 4.

Atk AT 13k £ SIGNAL 15 24 3 @ s = .

o rhEAERY

MEAER [R5 T8 5 2 10 (R B 8 A AN B 5 BT 9% 1) 5021, 4 (] Kaiserslautern K% ) Schneider #(#% 2t} 7] 25
B Eh1E (synchronous guarded actions)P®:(y=A) A Ky HifAl 2515 5 QUARTZ 4 i 7% (0 o [7) 2638 30, LA BE A% =7 ¢
Z P[RR R0 8 S i A R AR BRI B A B E. A T RN SCRp gl R DL 2 &R D LA
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Je 5 5 (1] i CAOS(concurrent action-oriented specification) & SHIM(software/hardware integration medium)
SR M D B 2 i BB M (clocked guarded action)P”! 3k T BE R I T 2 SMV LA SystemC
BEAT B AE A7 FL 73 A AL SIGNAL 5 75 1 A5 5 28 i LR £ B SC 38 I 220 SR A5 AL, B 38 B i b iy ELAEAME
Al DLEAT B IR 2 I B CGA AT 2 I BREAE, (R A SIGNAL i 5 AN AR /2, CGA A I Bk 2K 1K)
T 00 N AT AR RE 8 FAFAE 5 A B I I B e, FRATT Bt CGA [ —Fh A2 Fi B S-CGALS-CGA 15 LB #21E
SIGNAL i 5 i £ 5545 5 Bk Y 5 e 45 1) 1 SCERFF 115 SIGNAL 3 S-CGA B4 1)1 SCORFE, w] AL A o 1 JF R AT
MR ORFF.

o LU

g T B AR R VI R AT R, A AADL [ 25 047 85 4 (synchronous execution model)****(H!
AADL [l 5 142, i W1 2 P sl 2 P A B 5000 ity 101 T84 ) ke e ik 22 2 AR

DR] i 6 5 PR 9 AT A RO SR B 5 T AP AL L S-CGA DL AADL £ 2 FARTSIX 3 A2 IR R I, B A
S E A IS ) R P00 10 22 A% % AR S R AR, O ELOGT IS ) m 5000 8 S AP e S AT T SRS R 23 A DR e B ) ] 00
PEAE 2 AN R U EAF BIORALE, A 10 B AR R 8 10 S5 A ST I 18] 20 A e .

3 BE AR A A B 8E AT im SIGNAL2SCGA

AT H SIGNAL 15 5 M ik e 05 . PIRIERA S-CGA MR UE SLBL & SIGNAL
B S-CGA 5L ), 356 T 52 BEAE W 8% Coq o 56 e (1) 18 SCAR FEBk A TIE 1.
3.1 SIGNALM&RiEE

WA 1.2 PR AR AL s 2K SIGNAL 15 35 [ RE 45 K e 45y S AR Gy TR L AEBF 5T 24 b FRA 1A% 18
FEAR G, I FR 2 9 kKSIGNAL(kernel SIGNAL).KSIGNAL %540 N fios:
P:=x:= f(x,..,x,)  instantaneous function
| x:=x $initc delay
| x == x; when x, undersampling
| x = x, default x, deterministic merging {
|P| P composition
|P/x local declaration
SIGNAL &5 2 MG I FLgh BT BRI 48 R 1 X (trace semantics), B, 7E 4% /5 I B 7] /3 271 14y
W5 5 Z 10 ) Dy REAN IR b 50 28 AT 5G4 HH A3 A R AR 45 K ok I PR il 4 5 5 3.
BRI TE XM 1. 157 I B8 B =y, ) (R B 6 S5 SR
1, ifx, =..=x, =L
S (XX, ), X, £L AA X, 2L
LEREAN L BN 2 7, I A7 A5 5 B R N A7 AR, B4 R I G R B DT A A5 5 B2 A 2D 1,00 xh=x = =,
PTG S AL x BRAT A1 X0 ) HTHRAEL
ERITRGE XA 2. FEIR x:=x; $ init ¢ [WERETE M€ LR
(VreN)x, =lex, =1,
lx, 2L 20 = Xinin{k|sy, =L} — C>
VreNyx, zLAlk>7|x, 2L} 20 = Xonin(ks oy, L)
FRATR B T S SCB T YA AL RS minQOARF AR AR BUE A I BUIME B S x Flx H
A7 T R IR BT o=y AE SRR IN 2 7o SRAT 2y BT — N HUEL T x FIRIR(E A .
BRIEIE SCHRN 3. S FRAE x:=x; when x, B EE S5 L R

VreN,xr—{

:xl

e
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vreN X,,, if x,, =true
reN,x = .
“ |1, otherwise

X e 0 ooy A A R B0 S 1Y, x0 oA boolean 28 x (RIS x BIIHBIARD xp I S B o BUE K 5
A, F o ey M ] 3L [xo]= §2 Axy FETR xo IIAFEAE F HLIRAE A 2L

BRIEIE XCHA 4. B B IF xi=x, default x, FIEFETE S LUK
ifx, =L
X, otherwise

155 x00,00 B A R B0 28 8 o B IRHBI oA ey FRTEST S oy () IRE B0 0 4, T30 R o= Moo TE 45 58 (18 5
21 e A ey A1 o SO UE, T H. X B AT S SRR 2L

TE X 1(sprocess). 45 E—1 SIGNAL HEFRE, W 2278 SN 1~F) 4, 38550815 ek Sprocess, 4% HE
TRV SURBME 5B R NE S LR BRI ES.

EX 2ERIEM). WL tr) R try, PN 2 W AFAE BRI S5 A 58 R (trace  equivalnee), 2 HAX 24 'E A1 HL A A A
A5 5 A8 B AR A M [E) ) i 2 A
3.2 HEFRIEXS-CGA

AL H S-CGA (WL, FEE TR 45 1 S-CGA TR FRIE XL
3.2.1 S-CGA ik

S-CGA FE T T CGA M2 45 ) (0 B A A [ 138 .

EX 3(S-CGA). —4 S-CGA RE A EXEFSEEES X EI BAMEQ=ADMES. DAELLZ
B

(1) y=x=t (immediate);

xlr’

VreN,x, :{

(2) pr=next(x)=t (delayed);
(3) y=assume(o) (assumption).

Hrp,
o Ty ENAETEE X, 6958 EEHENEeX, 80 0 2 ) LIS £ (init(R) )2 LK)
i IR AL

o HIME A BFE LI BB RE AL HOE X
) LRI S b T E R 5 R B MAEAE, I B AN EUED true,x A fm] IS AZLE, WPRE 2/ B 7 BRI
4 x;
2)  JEIRWRAE:YTTH 2 ¢,y b TS 5 AR AR, HMIIUEY truex FIofE ¢ B 2[R A7 7E,7E T
— W2 & W IR x AR AR AE ¢ B 2 RS IR AE 25 ¢ B2 1) x;
3)  ZAGE S Yy AR S AR AR FE H A IEA true, BA fEAEFE H A true T A PUAT AR
B A LA L.
Hrp o g XA X BB, ol 2 e e X MA@ 4 B /R Rk
£~ S-CGA 45K R 25 20 & 4|, R e R SIGNAL 8 75— FF, g i 2 ik i i M o R AT .
TR X B IRA M H A 5 =0 T35 40 I, IS T KR > Ron 18 48 20 7
16 CGA H (5 5 AL I I Al AT SR W DAL, 3X J2 0 T (R ) S 4 e 28 F M7 S-CGA 8 U FRAT B .
B0, 5 SIGNAL 5 S — 3 Y A R 5 BEA A5 45 4570 1ot p ) 78 e 2l bR 58 T BB U 45 Y S-CGA s
FRiE L.
JRE A 5E XS-CGA [ TE0IE X FRATE 4 B 3K Guards(p) 21K Assumptions(o) LA K % i£ 30 Expressions(7)
MV E L.

© P EBEABRFUFET  hitpa/ www. jos. org. cn



618 Journal of Software ¥4 % Vol.27, No.3, March 2016

v,oi=init(xX) | x| X| f(7ser ),
ri=x| f(z,...,7).
1% B 2% e T RN 24 o R A A () PR TR 5 4 AR I e SO f e 08 308 HE (W true, false 45). BOARERAE. 24
BAELL R 78 SRR
322 S-CGA Bl X
W4 Al 4h B Guards(p). £ Assumptions(o) A K 1% 3\ Expressions( 7)) i 52 LA R HUE 2 L.
EX 4. 4EERIE S UL RO Z i, B4 SR B
. [[/7\]]5,,» ST s, M3 [[/}’\]]5,,» H B HAUEAE S LRI Z) i,y h i T A5 A S A A1, R, B AT
IR B AR AN R T R [[/J?\]]S,l- B 5 SR B, DR oA — > ) m] DL AT 508 B I 20 4 5
Linit(R)]s, = true

[[f(7/1> ----- 7;1)1151—[71]]g1/\ AI]:}/n]]Sl

m5,i . >
[[-x]]s,i =(S@,x)#1)
ms,i = true

o D5 AMRERELM DD, b B0 S A I (L f):

Linit(x)]s,; = S(@i,x) 2L AVj <i,8(j,x) =L

Lf oo )05 s = L AN, T )

[xTs, = SG.x)

[£]5, = SG,x) =L

o [rls, X T Lelsy B8 [els, JE0, 4 ELAC A 4E S FROIBIESZ) i, o BT 12 5 A B A7 46, B0, A1)
B AR B 2

[r1s,:

[[T]]s,i :

—~ >

[xIs,; = (S, x)#L)

o Lells, oM BRH M [l b 2 o I (R R

[7]. - Lf @t )]s, = f A7 D 5007, 1)

S [x]s,; =S, x) ’

R T 0 R0 24 R A A 7§ § 9 45 44, Tor s, N o, 331 5 ﬁ[[}’]]sl R, AHIF 1 52 X
R FET BRI, A1 8 L S-CGA ERIZEE .
E X 5(S-CGA BEilFiEN). —/ S-CGA ARG Er ik iE X2 B (A

|[SCGA]]—{S|VscgaeSCGA,I[scga]]S—true},

—~ {Ilf(rb ST )]s, _I[Tl]]s A /\[[z'n]]s, .

FLA n 38 SCHE )

M y=x=rly=Vie N,ms,,- A |[7]]s,i > ([[/x\]]s,[ A ms,[ N [[x]]s,i = I[T]]S,i) 5

) [y = next(x) = tls = Vi, <iy e N,(Vi' € N, i, <i' <y, = —[x]s ) A7 15, AlyDg,)

([xDs;, Alels, A x5y, = [xls,, =17D5,))

(3) Iy = assume(o)ly =Vie N’m.s,i A ID’]]S,i - ms,i A I]:O_]]S,i .

W 1. My A (RS AR AL, H N HUE A Hox F o (15T AR B # A7 AE, B4 x 345 A1 HUE.

B 2. FEBHIESZ i),y BT 5 5 AR AR, HL M IUE A 2L A o p i BT AR i A A i I i T —
ANBEEIS 275 iy box AFLE ) x 345 ofF i) B2 .

B 3. Y B {5 5 AR i ERAE AR, H I IUE 8 20, 0, o T A 5 5 A8 e A7 7R, H. o IUE 4 2L,
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S-CGA MIHATE XN
[scgai||scgaslls=[scga,lsnlscgas]s.
3.3 SIGNAL2SCGA#:331 M
SIGNAL ¥ 5 3 A 45 44, ] kKSIGNAL, 7] DL ——#5# 31] S-CGA (137,01 # SIGNAL F2)% TR 1A 1 U fig
KRB e R EA T S-CGA FRJF AKX Le 8L 3 U 25Dl F SIGNAL 15 F AL M 3] CGA M HE AT
ST S-CGA WG SCBAME T AH R 5 24

kSIGNAL S-CGA
F=x= ()

|| X, = assume(x)

[| X, = assume(X)

(1) x:=f(x1,...,%) =

init(x)=> x=c
(2) x:=x; $ init ¢ = | | x= next(x)=x

|| true = assume(x = %,)

X AX, X=X

(3) x:=x; when x, = R R
[| X = assume(X, A x,)
X =>x=x

4) xi=x) default x; = | A% =>x=x,

|| X = assume(x, v X,)

B 1. BRI BN TN xo,. xR SRS x O BT S A R R AP (7R S-CGA Ranh,
s S-CGA IR SLAZRIRAE £ = x = f (5,000 x, ) S T £ 2,8 = 2, TR A0E b AT G H 55 4b
— A5 LB, x, = assume(R), ..., x, = assume(X) .

IR 2. ZEIR S5 RS AR Blia) M x AEAE AR 1 AN AR I R0, 31X A G54 B e AL AR 1 AN IUIE R BT 46
{H ¢;b) 75 FAL B AR I 2 0 SRAFAE £, 19 B — A s 2R B 20 U 7E S-CGA Ran i AR R AE S
A HL AT AH [R] B 4.

BRI 3. ST RALLE LG SR x 10, HAUCYHIN x 7 xo 76,97 B x, BUIEH 5. 7E S-CGA HoR
WA T S-CGA I8 UL 3,assume( £, A x, )& X A%, A X, .

eI 4. TRE VA RGBS S AR R X A X, BT AR O E x BRE LG4
3.4 B XARFFIER

PAT S 8 BEAEEA 2% Coq X 28 3 A9 T & SUHAT T k. Wl 3 iR, Coq TE AR IR 4R 7 MBI CR
25 1 300 174%i9):kSIGNAL %1575 (10 17) BRZAEAL(250 /7). kSIGNAL #£37E 1% X (100 /7). S-CGA %1%
1£(80 17)~ S-CGA EribiE X (80 17) 4 N30 1T ) LA K SUORFFUE (750 A7) FRATTHH BRE 55 0 00 R KRk
WA 1 SR S 1

Ksignal2SCGA

kSIGNAL S-CGA

Trace model Trace model
\ 4 | \ 4
Trace equivalence

Trace semantics Trace semantics
model model

Fig.3 The proof of semantics preservation of SIGNAL2SCGA
3 SIGNAL2SCGA ifi S AR FFIE ]
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X FL & HA O SCOR IR W A 5 B SR 1 S E W kSIGNAL 455 4% B2 20 18 SORE U AN 4% 445 31 S-CGA R R K
T SUAFAE AT S5 AN OC 2R, Ak 2% 18 SCHIL U 14 1) 248 A 435 9 A7 ) R AN 5 380 JHG 2, B T 3 8 75 | 38 A Tk W) 7
T XA T (Process2Sprocess Pl scga2Sprocess(signal2scga P)) A i a8 25 Ay b idb S M i 2 & X AN TE 95 5 42,
I A2 SR 58 BUE W38 Coq SRAHBIIE B3 (38 H 2 8 BEIF W) 1 JR AL,

4 B8] A PR D A BY 28 f5 i SCGA2TPCode

IR A2 Al e BRAR AT A 7] 20 05 55 B AT 1 8 I R A B8 0 (R[] st A 15 IR 254 5 1) 4 PR R AR O B % X R A
SRR AR 8 T G PR 2 T T A S T I TR B DL R T AT A B R BN TE AR S TR R I 0GR R A
PRI R, 43 TR I Bt A i A0 R BSCHRR A8k T V] ) 3 v A o B, G v, I e i B S 22 A I BB, T ) 3 I B O R
ARG BB R G f# (resolution) #41E B 81 (clock hierarchy)S6 AT 2T S-CGA K S W £l
SE IR 3 B A0 I PR, D EAE P o Ol 25 AT 45 R 00 T v B R AR 2 R FRARD.

B R — R SIGNAL 277 B BT A (5 5 748 5 m DURAT 25 B AR B ol A SR e 248 2l R AT AR,
R 5 TR T Tk BT U 20 1R 2 43 TF AR 5 S 1A) 9 IR OG 3R DA 2 a4 0C 38, I T 4t — AR I Bl AR . B 0 4y s
I Bl AR 2 A i Bl S 8 T — A4 SR Sl (master clock), BRI, 1 BAZS HE — AN s 2 140 A AT 0T U A R 25
W H M0 Endochrony 5T AR 7R FAT 4 R H B 000 R BRAT TSR T e 4R 3 AT AT AT (18 40 6 AR i 2
LR REACHY. Ry T HORA X4 JR IR A7 A (R BRI ST E 3 HH T Weak Endochrony ™MW Jit (4 5 SC(H S H AT T3 48 &b
THS e SCFIE BB Bt PR 1, A8 SCAK PR Endochrony 4 5K A8 B 2 26 B4R Y.

BAVEET BRI Wt T8 S OCAML SEL T A AR A il 25 I 71, 3SR H T BEH A 18 B vt 07 92, B - A
R e 50y, HEAS 5 ) AR AR R 038 AR FRE B 32 B35 1 #2721 kSIGNAL 274, #4h S-CGA
F2¥. 3T BDD(binary decision diagram)Al SMT(satisfiability modulo theories) W &hie 57 . 44 3 B 1 s 1
SR 5r  ARHE AR (LA HR AT ARG AN 22 Ze AR TS SE BB

44571 T /> SIGNAL F£/7 B S-CGA T2 17 (1 # on 1, B AT K LA S-CGA e 1y g 491 5K A £ I ) v Fit )
% LR RS AR R R

1: process Count= true = assume(X, =X,)

2:  (?integer yy; o Y

3: boolean x;,x;; true = assume(;f] ) 312)

4: ! integer y; true = assume(y, = ,)

5 ) init($,) = y, =2

o (‘AXI - Py = next(yy) =y +1

= §, = assume(P, A x;)

8 r=(i+1) $ init2 " o

9:  |si:=y; when x; )j‘ AR5 73}1

10:  |sy:=y, when x, §, = assume(P, A X,)

11:  |x:=s default s, PrAx, =8, =,
R ’ —2

g: B) il %= assume(5, v §,)

14:  where integer x, 3, 51, 52; S, =>x=s,

15: end;

S A (m8)=>x=3s,

X = assume(y)

y=>y=x+1

Fig.4 An example of the translation from SIGNAL to S-CGA
Kl 4 SIGNAL #| S-CGA [ 44

4.1 EFS-CGAHRHHEE
[F] 2D 455 Y R K T ThRE ¢ R A Bl ¢ 2R DH Uk, 5] 20 5 5 G B A AR ARG 2B B 2 i, 710 75 S A0 A By B (O I )

Bl 20 REICHE AR A 0 BT O I T BB 9% 3% ), LAY 5 1% [7) 20 B B2 mTRAT 1) 8 S A pe AR e BE AR A
JET S-CGA s SCEM R A S-CGA Fid sUHR IR B ¢ 28 48 5 IXRE sl BE SRAT— A I B G R A5 U
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SLAT A O -

S-CGA Clock equations
y=x=1 JAY D IAT
y=>next(x)=1 JAY D>IAT
y=>assume(0) JAy—>GAC
init(x) > x(Vx € X)
A I B 55 B A0 K 1B 148 A 7E 8] 4 1 S-CGA 217, & A TE 8, A I Bl ok R 45 X
X=X Ax)V(X,AX,).
A & R A I B A A 10 B O N B AR B 1 5 LA B RS ES D R 2 A R ELXRT
I TR] AR IRl 8 1 A S PR ACRES 2 AAT 22 DA T 42 1) 2% A AR KA T AN D8 A DRI FRATT 5 0T AN I 5
FAS A A HEAT T (resolution), B 47 A5 1025 X e oy I b A FHHG s SCHEAT % 4, O AR 7 M 336 041, B 265 58 BDD
o SMT RAG 7 P /4 I A 5 SCH A5 A 2 SR 17, DU K o 2 Y B o 2 0 TBO N AT [ PR IR b 25 S v AR B 2
T,SIGNAL 4% Polychrony(http://www.irisa.fr/espresso/Polychrony)fX 2 ¥ BDD,BATK AEAR RS 2E ik 7%
] I 3 BDD Al SMT.BDD 8 SMT i 20 ] -+ 7525 I Bl S5 47 21 2 1] FR) I i 248 555G 2R, DA T A4y St B e .
FA14 H S-CGA 7RI 3 D B B S5 A0 288 A0 Gt ey a0 LA TR oy A2 [R5 (10, R X 645 5 A48 i Jag T[] — /> I 4
SENEED Cy).

AL X DDt
Dy AXy 8},
HE I

AP AxLS )

{8, A8}

AN 00N

N

BB 5 BT AR B etk x AR &

Co:{clk_xi,clk_xs,clk_y\,clk_y>}

-
-
-
-
-

Ci:{clk_yyrxa,clk_sa} Cy:{clk_x,clk_y}
// e —
Cs:{clk_y\nxi,clk s} Cy:{clk_ssn(not clk_s1)}

Fig.5 The clock hierarchy of the S-CGA example
5 S-CGA 7R BIFER B B b

I AR P B

(1) BT R — AR RN S

() A HMH 2RI G2, Cy;

() TSR S AR A e AGE T BDD Al SMT #8061, 5, A x, — J, 0K 770 4

Py A Xy R BT RE Py 7K R 0 TR IR kB L 16 B A 25 e SIS T AT 4 J) I B S5 A SRR

4.2 ETS-CGAMKIEKHEMIE

1 R AT ARG A B, B TR B T A — AN I 54N 281K S-CGA 45 2R [F] N I B b x4 504
F 5 0 AR OG AR R AT HE e (A SR A i 3, DU SR T 9 0 P ). DT 4 SRR IR b ) B, 24 e AT A ) 42 1 5
Fa) AR AR R G5 40 P R R 1) S-CGA A5 2 A JnS B 8 A5 P AR 1.

1 22 L REACH A2 ol o 3 5 2 A R e 8030 0O P, LA ) 58 KR AT JE.

56,0 T AT A 8 AR SN OIE A, FRAT 7 A 36 B AR P Rt R b T N T I b A S T D i 1 i
IR JITAT I Aol 45 A R0 R LA 4 JR) IR e 88 i IS ke s S, BT b B T 4 JR) IR e 48 S A I Ao A e 5 Y 2% I o 4 477
I8 SC I AE A FS AR rh AN T SRR ARG T Co, AT AR 25 1) 45 4 22 AL AL
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Co 4%, %5, 015 00

C P, AXy, 8,1 =Cy A Xy,

G i{x =G A (x v xy),
C:lhax,st=CAax,

C, {8, A=8} =Cy A(x, A—x).

HE T A K B/ B AR 7. S-CGA 235 2\ 8] 1K G 2R, M A4 3 250 0 400 161 e T 52/ 5 0O 19 B AT
y=x=1, 56 B RTE A 7 AR B B I PR A B AORAR B 130AR B AR & T RdVars 3o M 3 16 500 x BEATIRE,
RIAT DRKs x BR) AR & A 26008 2, R R O 5 M AR 1, 5 AR B R A 45 T W Vars 32208 0 I 1) AT BAE SCEE AR # 5
VRSB MBS &, 70 00T RdActs R Wrdcts 3275,

EX 6(LFKH). % FV(0) Rk o i) A AL 8 ARG .S-CGA 552 b i 3 A 128 & ) M e SCM:

o RdVars(y=x=1)=FV())VFV(7);

o RdVars(y=next(x)=1):=FV(y)VFV(7);

o Wrhars(y=>x=1):={x};

o Wrhars(y=next(x)=1):={next(x)}.

1172 58 3 Z) A7 1015 5 AR L R

o RdActs(x):={y=A|xeRdVars(y=A)};

o WrActs(x):={y=Alxe WrVars(y=A4)}.

BRI, y=assume( o) E B T2 NP 240 31 9 2, DR AS FH 440 3 2540 0 i 1)

£ B MG T, — A B BE RS AT 2 HLACY A 1523 A SR AT HUAEL 0T B 1, — N AR R RE R AR AT I > HL
AT B S VEHE O & 58 it 5.

HET DA b5 SCIRATIE H B AR ) s SR HL A 3 R

TE X TR ARER B ). A W6 1 A1 17 BV, e), v ARE DR BNE, eV >V AR DR BMEZ RO R JE
BRI FR T, 0 R 2 450 A\ (multi-edges), B84 R A b — 4 25 fid i v G A9 1 AR 4

o Construct HM &K B2 5 KM (E X 6)Mit D2 M) KR SMER K NE acd, AL E A &

xeRdVars(a)¥n—24<i: )\ WrActs(x)%)] a;

e Expand FUU % a0 B 1 2 Hb i B 2840 28 ) ek ) s SR

e Replace M K4 R BT B A 25 A true BAC;

o Simplify B TR EAT AT SRR I E=(V1,V2), % Vi H{n=A0),Va H(p=A2):(1) Zpn=p,Wn 1E

Vy HIMER:(2) 2pa=pimm 2, WK o BR324 1 o, LA GE G 7 S ARG N .

WA A3 B0, FRATT 45t S-CGA F2 )3 7~ 481 (1 B 4 1), ) 6 T s

threadl { thread2 iithread3 ! truesinit(ys)=2
| true=>Readx; | | true=Ready, | true=Readx, | | ey
[ w
| thread4 r {thread6 |
H L | AN I B
XI=Sn i thread5 |
| 3 next(yy)=y+1 - ¥ ¥
v b (yz)y1 """ " | thread7
=) i Lmotxmr=s; |
,,::::::::::F::::::: ‘‘‘‘ ‘ ‘
,,,,,,,,,,,, vy
i thread8 : . B
i x1va=y=x+1 : multi-edge

Fig.6 The data-dependency graph of the S-CGA example
Kl 6 S-CGA 2751 i) Bl it 5]
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X F 4R 25 44 true=>init(y,)=2 FEWI G A I R AT — v, i Hoth B X8 45 7T LG 55 I AT . 10 H next(vo)=y+1
T xy=>sy=y, AAFAE H B B A ¢ 2, BN AT 72 A AP B &y, WU, G E F— D BAE A 5 4h,
x=s1,n0t X;=>x=5, PLK x|vaa=y=x+1 F77F 22 450 AN T H 026 22, D8 B AT — 464 N e 408 firk o B 1
4.3 EEXNRHE

2 B RS AR B JE T T2 Rl I 4 DG 2R 1 im0 it 1), 5 e S 000 A0t Il b 4T 4T 45 X1 43 (partition).
155X 43 7 V2 AR 22 B 49 4 2 1 %43 (vertical partition) Y BL$E ) H-AT AT, BE 7K F- %1l 43 (horizontal partition)!*!
PLSZFRIL K AT BATTI BB A 8 AT 4 08 BV AT 55 R o SRR, AN TR AT 25 %1 23 5 V5 9F A 52 A v AR $F
UEH.

EX $(EFMESKS). ST RIS PA K 4,52 P HIFHEA S-CGA Fik,CHKAR R A KAME
38 P4, H ReAxA:(A1,4,) e R WrVars(A))NRdVars(Ay)={ s BATFR P A A ik143 24 AT — M 3.

TER AL A, 2 4, PR EAR B S IR R A, 38 A WrVars(A,)F1 RdVars(A,) 1385 h =5

Kl 6 &% S-CGA TR /R BRI 4,50 2 8 AN K43 3% B, ATTE— 2B 45 BRI 4y T vk

1) BRI RS S i — AN B — AN R R

2) BRI B AR 2 PR Py AN Py o Py RME— Y BT Py A Py B — A2 AL T4 K PR

FHHIHA—A K53
3)  ERARI YT BRSSP — 20 A I threadd [N TR T R — AN B B 5%
28, D5 K A 3 1) T AT & 9 8 A2 1 ARG H B AT A A IR 1 428 s 4 F 1N
4.4 ZBEBERIBERK

PA K45 AADL 2 R FR AR LA B SE I A2 £ AADL 1 R 7 4.

9 T ARFE R DR (0 2 M T R A AADL [R2E AT R Y Sk S 22 2R, BT, J) A PR 2R FR el 2R R 4 12 5K
Yoo L s B LR, MES RIS NN —A AADL £ F 40, 25 F 20 22 [R) S 85030 o 13 s 7 =0 B 2
YNEFE Guard ZFE(HTHRIE S-CGA FKEXWTE). Action ZFE(FHTHRR S-CGA FixMahE)LL K&
Sampling £k £ (4 T35 2, W4 v 50 45 34,3 AN FE H A A IR 1 J8 0. IR) Bl 8 SEE IR 2 5 3 49 AADL 2k i B
S T 2H 1100 SIE I P4 BT S0, S s ) 2 ] e 460 DAy o) I 2 i A ) A2 P SiE 3R 52 X (flow latency).

T BL S-CGA 2 /775451 H1 (1) thread8 A 6. AADL [¥%i A\ 2445 3 11 (in data ports) H AR i FH 0 — g N ik 422,
2 [e) — AN Hr N B sty 5 AT 2 AN N B I FRATT B S N B g 11 DA R 6) R PR B N 2 A6 thread8
P A~ A\ 08k s 1 T 23 50l A thread4 FT thread7 3K45 x (1) H{H . thread8 ) AADL EITEAL IR Wil 7 Pros.

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
|

-

i

i

——————————————— | samy8 I 1

{ gad8 ! TPMC:Jsampling thread8.implf :

TPMCuguard_thread8.impl Jthread8 guard ; thread8_cn8 _ 1

Wait_x;_threadl thread8_cnl ‘:xLThreadl 14 Sampling_data_y? — =i
Data_y Notify_y

Wait_x,_thread3 p———"rx, Thread3 guard

thread8_cn2 !
L e
T ac8 |
thread87cn3TP C:,:action)hreadg.impl'lI thread8 cn7

guard

Wait x thread4 i

i
Wait_x_thread7 thread8_cn5 ¥x_threadd

» thread7
thread8 cn6 B

N e e i

Fig.7 The AADL graphic model of thread8
K] 7 thread8 ) AADL KTEAL KR
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26T thread8 A AADL CA R R U1 R, 45 Guard Z6FE . Action 2872 LA & Sampling 28 F¢.Guard 2872 H] T4
M S-CGA 1 B4 24 Bl &M 2, Action ZkFEPATTHE. T x B8 K H thread4 Fl thread7,Action ZEFE 4>
JABTAE LA (1 x HUE (UL Action ZEF2 1K) AADL SUARIR). 5 ), Sampling £k i 7 22 10 £odfa 3K 3 A 2efe L
548 [R) (9 JE B, — A 0 Rl BAE SCA A JR) Bl A5 s S LA 45 ' Periodic(x,20), 75 AADL 274 % X h
Period=>20ms. 53 41, S ELZ) 1 5 X Response_time(x,,y,80),4E AADL £ F 41 7 52 o0 51 -
Flowl: flow path Wait_x; threadl—>Notify y{latency=0ms,...,80ms;}.

thread group thread8
features
Wait_x, threadl: in data port Base Types::Boolean;
Wait_x, thread3: in data port Base Types::Boolean;
Wait_x_thread4: in data port Base Types::Integer;
Wait x_thread7: in data port Base Types::Integer;
Notify_y: out event data port Base Types::Integer;
flows
Flowl: flow path Wait_x;_threadl—>Notify y{latency=0ms,...,80ms;};
Flow2: flow path Wait_x, thread3—Notify_y{latency=0ms,...,80ms;};
Flow3: flow path Wait x_thread4—Notify y{latency=0ms,...,80ms;};
Flow4: flow path Wait x thread7—Notify y{latency=0ms,...,80ms;};
end thread8;

thread group implementation thread8.impl
subcomponents
gad8: thread guard_thread8.impl;
act8: thread action_thread8.impl;
sam8: thread sampling thread8.impl;
connections
thread8 cnl: port Wait_x;_threadl—>gad8.x;_Threadl;
thread8 cn2: port Wait x, thread3—gad8.x, Thread3;
thread8 cn3: port gad8.guard—act8.guard;
thread8 cn4: port gad8.guard—sam8.guard;
thread8_cn5: port Wait_x_thread4—act8.x_thread4;
thread8 cn6: port Wait x thread7—act8.x_thread7;
thread8_cn7: port act8.y—sam8.Data_y;
thread8 cn8: port sam8.Sampling_data_y—Notify_y;
properties
Period=40 ms;
Deadline=80 ms;
end thread8.impl;

Guard £EF2. Action ZEF2 LA} Sampling 2872 /) AADL SCAARS U

thread guard_thread8

features
x;_Threadl: in data port Base_Types::Boolean;
x_Thread3: in data port Base_Types::Boolean;
guard: out data port Base Types::Boolean;

end guard_threads;

thread implementation guard_thread8.impl
properties
Period=20ms;
Deadline=20ms;
annex behavior_specification {**
states
so: initial complete state;
transitions
so -[on dispatch]—s {if (x;_Threadl) {guard:=x,_Threadl} else {guard:=x, Thread3} end if};

=

end guard_thread8.impl;
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features

properties

states

transitions

3

thread action_thread8

guard: in data port Base_Types::Boolean;
x_Thread4: in data port Base Types::Integer;
x_Thread7: in data port Base Types::Integer;
y: out data port Base Types::Integer;

end action_threads8;

thread implementation action_thread8.impl
Period=20ms;

Deadline=20ms;
annex behavior

specification {**

so: initial complete state;

end action_thread8.impl;

so -[on dispatch]—sg {if (guard) if (x_Thread4'fresh) y:=x_Thread4+1 else y:=x_Thread7+1 end if end if};

thread sampling_thread8
features
guard: in data port Base_Types::Boolean;
Data_y: in data port Base Types::Integer;
Sampling_data_y: out data port Base Types::Integer;
end sampling_thread8;

thread implementation sampling_thread8.impl
properties

Period =20ms;

Deadline =20ms;
annex behavior_specification {**

states

so: initial complete state;

transitions

so -[on dispatch]—s, {if (guard) Sampling_data_y:=Data_y end if};
**},

end sampling thread8.impl;

M P4 B A e R, i R ARG Action 6276 S-CGA R 7~ 9]+ thread1,thread2, thread3
P % thread5 #84X A f—A™ Action ZiF2.

i #,4 4~ Action 2k F¢ (thread,thread2,thread3,thread5). 4 4~ZF2 4 (thread4,thread6,thread7,thread8) A J £k
T2 2 1) R 5 v 1 e 4 — A~ AADL BERE R multi_threads.impl. A7 thread5 7= 4E y, FTHUE, IFAE R —/N 2k
T 4> K (dispatch) Bl thread6 A7 FH . D5 bk, I AN 2R it 2 170 1) B8 o 11 34 422 4 4iE 1R 3% % (delayed connection), HJi:

{Timing =Delayed}.

process multi_threads

features
read_x;: in event data port Base_Types::Boolean;
read_y;: in event data port Base Types::Integer;
read_x,: in event data port Base Types::Boolean;
write_y: out event data port Base_Types::Integer;

end multi_threads;

process implementation multi_threads.impl
subcomponents

: thread threadl.impl;

: thread thread2.impl;

: thread thread3.impl;

: thread group thread4.impl;

: thread thread5.impl;

: thread group thread6.impl;

: thread group thread7.impl;

: thread group thread8.impl;

connections
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n w_14: port T1.Notify x; thread4—>T4.Wait x; threadl {Timing=Immediate;};
n_w_17: port T1.Notify_x,_thread7—T7.Wait_x,_threadl {Timing=Immediate;};
n_w_18: port T1.Notify_x,_thread8—T8. Wait_x,_threadl { Timing=Immediate;};
n_w_24: port T2.Notify_y,_thread4—T4.Wait_y,_thread2 {Timing=Immediate;};
n_w_25: port T2.Notify_y,_thread5—T5.Wait_y,_thread2 {Timing=Immediate;};
n_w_36: port T3.Notify_x, thread6—>T6.Wait_x,_thread3 {Timing=Immediate;};
n_w_56: port T5.Notify_next_y,_thread6—T6.Wait_y,_thread5 {Timing=Delayed;};
n_ w_67: port T6.Notify s, thread7—T7.Wait s, thread6{Timing=Immediate;};
n_w_38: port T3.Notify_x, thread8—>T8 Wait_x,_thread3 {Timing=Immediate;};
n_w_48: port T4 Notify_x_thread8—>T8.Wait_x_thread4{Timing=Immediate;};
n w_78: port T7.Notify x thread8—>T8. Wait x thread7{Timing=Immediate;};
p t 1: portread x;—>T1.Read xi;
p_t 2: portread_y,—T2.Read y;;
p_t 3: portread x,—>T3.Read x;
p_t 4: port T8 Notify y—write y;

end multi_threads.impl;

5 B8] AT TN £ AR AR 2R R A AR B K SRR 1R A

WA B AADL J& PR 5,45 I (] o) 0000 22 A% 44 28 4 A AT O T AADL &5 H 187 5 (19 B R) w000 4 b 41
OS5 R
5.1 BY[E AN B AR IR R MR E

TE51 5 FRATTIR ZE LRI T U [ I R] 77 J000) Ak BE 2R 01 5, 3 ZEAUFE Reinhard Wilhelm $2 H ) IF () W] 5100
Ak B S Bt JEUU I T R A A BE (41 PRET &%) LI [8] ] 700 22 % Ak 2 45 2 71 (PREDATOR,MERASA,
T-CREST,parMERASA %5). 4 T iX e A A, AL E T — DN Ihee 7 A0 BARF 6, E A1) ZFhiE
Cache(method cache)*?, LA i #554 Cache [ 0] FHIITE:(2) K5 4di Cache 73 25 4 k% Cache. % S 4 Cache Al
K Cache( 1T 38F i 1 2 & A 7720 L, RATTAS % e HE Cache), USR5 508 Cache 19 m TN PELY; (3) 24
WP HAT . B I 2 WK (4) SCHF LRU Cache B 5E0%;(5) X # TDMA(time division multiple
access) Rz 2 1y 0] SEBK 5(6) SZ4F TDMA (1) 3247 U 0] SFEug . 1E DS Ay S2 A 284, B LA AT DAAS W7 b e o 0 SO, g 254 4t
G—WIMER G S % 0.

MG,y AADL JEVE4E, i1 TDMA Window,TDMA_Schedule,Branch Predication,Execution_Order,
Cache_Replacement_Policy %5 J& ¥, LA 32 4¢ W i) ] Pl 0 44 28 45 K4 () R 05

property set MC_Properties is
- TDMA
TDMA_ Window: type record (
AccessPoint: list of reference (access connection);
Slot: time;
);
TDMA_Schedule: list of MC_Properties:: TDMA_Window applies to (bus);
-- Branch predication in pipeline
Allowed Branch Predication Type: type enumeration (Static, Dynamic);
Branch_Predication: MC Properties::Allowed Branch Predication Type applies to (processor, virtual processor);
-- Execution order in pipeline
Allowed Execution Order Type: type enumeration (In_Order, Out_of Order);
Execution_Order: MC_Properties::Allowed Execution Order Type applies to (processor, virtual processor);
-- Cache replace policies
Allowed_Cache_Replacement_Policies_Type: type enumeration (LRU, FIFO, PLRU);
Cache_Replacement Policy: MC_Properties::Allowed Cache Replacement Policies_Type applies to (memory);
-- TDMA period
TDMA_Period: Timing_Properties::Time applies to (bus);
-- Burst length
Burst Length: aadlinteger applies to (memory);

end MC_Properties;

SECG IR TR) RS0 2 K% 1A 2R 45 4 (R 28 T3 5 A TSR, FRAT TR AT Processor R R0k 34> 2 12 Ak
B System FFFRF L IXHFE,System H P AT ELIE G W1 22 A F 5L . Cache(BEAN TH AL A 1T (177 ¥
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JHBIE T Memory #f4K % 7R). Scratchpad(J] T 222
TR RIS R MR R, I L TDMA 8 )5 F F 14.

K 8 4

[F] B, AT LX) 12,03 24T
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] 4) X . AADL CAR IR N 4 NS T T RR.
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< Shared bus >
< Memory >

Fig.8 A simplified model of time-predictable multi-core architecture

B8 fii Ak 1 I B T 500 22 % Ak 2R 5 A A R

[a] 43X ) L1 Cache.

system multicore

features

ExtMem: provides bus access shared bus.impl;
end multicore;

system implementation multicore.impl
subcomponents

Corel: processor normal_core.impl;
Core2: processor normal_core.impl;
Core3: processor normal_core.impl;
Core4: processor split_core.impl;

Cache_MC1: memory method_cache.impl;
Cache_MC2: memory method_cache.impl;
SBus: bus shared bus.impl;

connections

Baccl: bus access C2CBusl—Corel . MC;
Bacc2: bus access C2CBus2—Core2.MC;
Bacc3: bus access C2CBus3—Core3.MC;
Bacc4: bus access C2CBus4—Core4.MC1;

properties

MC_Properties:: TDMA_Schedule=([AccessPoint=(reference (Bacc33), reference (Bacc34), reference (Bacc35),
reference (Bacc36), reference (Bacc37), reference (Bacc38), reference (Bacc39), reference (Bacc40),

reference (Bacc41), reference (Bacc42),reference (Bacc43), reference (Bacc44), reference (Bacc45),

reference (Bacc46), reference (Bacc47), reference (Bacc48),reference (Bacc57), reference (Bacc58),

reference (Bacc59),reference (Bacc60)); Slot=100us;]) applies to SBus;

MC_Properties:: TDMA_Period =2ms applies to SBus; -- 20¥100us=2ms

end multicore.impl;

5.2 B B) AT P ER R 14 AR 5 77 5K

%:‘F]_J/Ln :.1‘%””95&5’] AADL
AR 348 OSATE T H ks
AADL B 34T Tk

% L PRI AL T AADL 31 [V I [) W] T 25 4% £

et

Sl KR — A
TYmEM 4> HT.OSATE & AADL & & M JF I g4 5 40 1T Al BAx)

SR G PF, I EAT PRI A S5, AN T EAT PR 520 A7
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—ANERTRAN 2 AN AR Z (A7 TEAA T8 T R BAT I, — M S Wi B ] — ANk % S 2 AN SRR 41 ) id 21 W)
— MR EPAT, 2 A LR AL AR W] ReAE AR SR VS 1] T, WL = Cache.
1) HEFEAPAT T LLVT ) Cache H I A Hd, o0 T 38 G B2 IR U5 1] T30, RATRHR IR H A% BRI RRA
(R85t o S R 40 b 22 A HE JULAL BE 28 (virtual processor). B TIAE K 9 () AADL f SC AR KR TH 5
# Corel # %Il 4324 Corel.vcorel Fl Corel.veore2, 54N Ul 4b #E45 H A5 % H 1 Cache, FKs 25 F2 41 Wiy
BB BELS |
2)  HEFEAPATRXH R A Cache TFUA, BN, AV ] Cache [ 2 AT 24, 08 4 K AN R 43 RE JUL AL 2125

‘ Multi-Threaded code in AADL

‘Mapping ()| AADL tool+plug-ins
"] (schedulability analysis,...)

Time-Predictable architecture
model in AADL

Information Timing
(mapping, (1) )] information
architecture,...) y (WCET,...)

WCET tools and their extensions

Fig.9 The framework of system-properties analysis

Ko Rt misr e

9T PR AT TR FRATT SR 5 A 1A R 1 i B 7 vk AADL WS A Actual Processor Binding,Actual
Memory_Binding %5 J& 14 3 5 5 # A WL, 5 58 #2547 73 #. AADL ¥ 5 th ] LUfT ] Allow_Processor_Binding,
Allow_Memory Binding %5 J& 1 %5 I Ath AT 58 [ W S 55 & 2R AT 2R 1K F0 43 H7.

system timepredictableProc
end timepredictableProc;

system implementation timepredictableProc.impl
subcomponents

multiT: process multi_threads.impl;

proc: system multicore.impl;

mem: memory external_memory.impl;

connections
Bacc: bus access mem.Memory Bus<>proc.ExtMem;

properties

Actual_Processor_Binding=>(reference (proc.Corel)) applies to multiT.T1;
Actual_Processor_Binding=>(reference (proc.Core2)) applies to multiT.T2;
Actual_Processor_Binding=>(reference (proc.Core3)) applies to multiT.T3;

Actual Processor Binding=>(reference (proc.Core4.vcorel)) applies to multiT.T4;
Actual Processor Binding=(reference (proc.Core2)) applies to multiT.T5;
Actual_Processor_Binding=>(reference (proc.Core3)) applies to multiT.T6;
Actual_Processor_Binding=(reference (proc.Core4.vcore2)) applies to multiT.T7;
Actual_Processor Binding=>(reference (proc.Corel)) applies to multiT.T§;
Actual_Memory Binding=(reference (mem)) applies to multiT;

end timepredictableProc.impl;

5.3 MRASITIE
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