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Abstract SCADE is widely used in critical industries related to life safety, such as aerospace,nuclear power plants, rail transit,
and medical equipment. Applying model checking to these safety critical areas can effectively ensure the safety of the system. At
present, there is relatively little research on SCADE model checking. Most studies are based on program translation and use other
simpler language model checking tools to complete verification. However, few tools that have implemented the entire process of
model checking for SCADE programs have low verification efficiency. This paper proposes a model checking algorithm based on
implicit predicate abstraction and property-directed reachability (IAPDR) , which is parallelly integrated into existing model che-
cking tools(PSMC) for SCADE programs. The tool implements the entire process of analysis,modeling,and model checking for
SCADE programs. In addition. the correctness of the proposed algorithm is theoretically proven,and the effectiveness and per-
formance of the expanded tool(PSMCWI) are evaluated through experiments. Compared with traditional BMC, K-Induction, and
CEGAR algorithms,IAPDR has the highest verification success coverage and the lowest total verification time on the bench-
marks. Compared with the native PSMC tool, PSMCWTI can verify 139 more SCADE programs on the benchmarks,with a 15. 1%
increase in successful verification coverage and a 43% reduction in total verification time. The results of the comparative experi-
ment with JKind show that IAPDR can correctly do model checking on SCADE programs. Compared with the method of transla-
ting SCADE models into Lustre models and using JKind to do model checking on Lustre models to achieve model checking on
SCADE programs, PSMCWI has higher efficiency.

Keywords SCADE, Model checking, States space, Predicate abstraction, Property-directed reachability, Interpolation
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1Y unsatcore H$i IR L A4 45 B A U820 X SR A 0 R A OB
2 5 AT L I L 6 A I A M 56 PCube s I 1] # R 1) 5 42
W7 2L, 3R [\ (4 35 4 55 AR unsatcore HEAT My 5, #5 20 (5) T i
JE LU PEH A A 5& PCube , F AT 55 1 PCube A 3R fif 4% iR [0
model 7ETE 1A A LAY RAE . B L5 1 index BN —1,
Fitert N NFew A c NTAC (5)
YR 55 B PCube #ATIZ AL # PCube 1Y
Tk literal IR .1l PCube BT E ML S AR 45 25 [ R ] BE K,
FE I 2 B 22 Bt B PR b A R 2 s D Jon O 6 o R
OBAT S I PCube 17 JG L ILJGEE MY frame
U 75 A YR A Ak B % PCube , 884 )5 22 32548 b (0 5 A A0 3,
addBlockedPCube(--+) £ JZ [n] $8 2 ) BU B% 1% Wy 24 B, XoF
HTAT 55 0 PCubepeo AT BLIE . B S XHT 45 X W (4 frame
HITTIE frame WY B BLZE PCubepe 347 K528, B i 2 peo
B pe TN peo WIRTTA PCube, LLIE K % 2518 JE 7 A
fai Ak 12 1RR 0 0 A1

1. function refine(L: List{(PCube))

relativeSearch(---

generalize(+++

forward(-+

2. res,uct =simulate(L)
switch res

3
4. casesat: throw FlaseException

wl

case unsat:
pres: = getPredicates(uc)

updatePredicates(pres)

SIS BN

end switch

)X FLR FR GE 64T BMC A5 L5 4R 95 £ )2 9] 2 B
Bl fEAMEER LR — &M% R 62, # ] BMC &
AT RR RGN BRI, 2 %A W] R I iR ] LA
B B AR A R B A9 5 244 B A58 AN WD R R B DU D% B AR R T IR
B, getPredicates(+++) 42 BUIE i) 19 77 22K L F IMC 3, 24

refine(+--

(A %40 (8 AT 7 2000 o f LA Al T3 A IR 1E R
a=1Nb=5Na=>c N— e, MBI IE I N {a=1,0>5,a>>c,
e} . updatePredicate(-++ )& $2& B 2] () 7 18 10 & 55 i i £ 4
JEi A4 PSet

1. function propagateBlockedPCube()

2. fori=1tok

3. for pc:PCube in F;

4. tpc: = TPCube(pc,i+1)

5. tpel: =relativeSearch(tpc)

6. if tpcl. index | = —1 then

7. addBlockedPCube(tpcl)

8. end if

9. end for

10. if Fi isEmpty() then return true
11. end if

12.  end for

13.  return false
BB i€ [ 1ycur— 1], F, PB4 PCube 471
AL HE X PRSP T A RS & 1 P EBEA G
E3k PCube XF N (AR 25 Al I AFEF, o BH 28 3% PCube,
B ERG B FE — frame NEIEALE PCube , W 58 B K
Wk J& P AT

4 IEiRIERA

IAPDR #9940 B A& 8 PDR $595 38 17 78 18 iRl il 42
Rk A 2 H] B, AL IAPDR B B R iBREmE 5
PDR $ 35454 0 IR B b 4T T BB TE M .

TAPDR 7E X145 2 G i A7 H0 2& PCube (1 [ 1] $8 2 B, fifi
(D By & A 3 (6) SRl 22 He A PCube 55T N 1

Frame BATDHIEHE IR T-H0% 2 2 SR A PCube & J%

AN A A A
HABIIIE S E indRel(F, T ¢ 2 B8 1 Ji% .
absIndRel(F.T,c,PSet) =F(X) N — ¢(X) N\ Hps.. (X,

XDOANT(X, X)) A Hps,o (X',
XD Ae(XD (6)
T 1 AEHIAES PSet /N Fps, fl PCubec s 4 H.
A A
1224 absIndRel (FTscy PSet) T i Ji i6f » indRel (F. T» ¢) 1]
W, MEMAKRZRS SE absIndRel(F,T,yc,PSet) . % &
A AN A
% SE indRel(F. T\ ¢) |
JEBA A% S F absIndRel(F,T.c,PSet), M tFEm S1E
EAXUX Frmest,e £7S &S XUX Erms, H
A A _ _
KT ETHLL tET. BWH SE Hpsw (X.X) A Hpsot (X2 X7 s

Hif tﬂﬁ*ﬁ[’]ﬂ’]ﬁh% TR KR LA tIET Btk FA
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A
et EFA e, Wl ek S B E L g BT,
AN AN A A AN
tEFASc NTA S XHHRSE ¢, LL.SE indRel(F,Ts¢).
A A
MR M % 2 E indRel (Fu T ¢)  ARAETE ¢ e B4

XUX Fmesd 678 E T B £ =1, ¢ F absIndRel(F,
T,c,PSet) .

EE?2 HERGZHEM S FFEIUEJEM P, IAPDR iR [
true, MR MEL 4, K2, W B MR % 4. 1APDR iR [ () 45
EIEFM,

IEFA . TAPDR 9 1A U510 F ol 2 s 454 .

DF,=1I;

DF E Fiy i<k

3)F (XD A Hpso (X, X) ANT(X, X' A Hpsoo (X', XD E
Firsi<lh;

OF FP,i<k,

fi% % IAPDR i& [l true, IAPDR 3& [A] true (45 1F 2 F Y
WA frame N7S K Ry B ZE W) 2 %5 TUA PCube 3E4T 51 5%, BT

BLE SR AP G T B —Fry Bl SEP. SUH S 2.4 4
MG R SEPLEVEY P R L2,

%1% IAPDR i& [l false, IAPDR iR [f] false WY %14 &
BMC #880 % IR Ml %42 . I R Bl 7E S LI RICR B
AT G AT B0 R R R R RS s F— Pk
BERi B e P —RANE RN,

5 XLBWEHH

A SCf A R Ran 252 09 3% (19 SCADE $0H8 48 #F 47 5286 7F
. AXSLIGIZATAE 64 7 Ubuntu 22. 04 BAER G I, kb3
257 Intel i5-12400, NAE R 32 GB, S iF4s K gec-11. 4.0,

TR T 04 56 91F A o B ] 1T BR 55 S 2405, 8 B BSF J] 1) BR P i 1%
o 1 IO IE 25 R A A S B IR R T . B IR 25 SR Y valid ROR
TR 015 B0 1 J8 1 2 % 22 19, invalid 3675 #2 % 109 77 56 1E i 1k
AR 41, unknown 7R 55 JIE B (8] 48 20 58 A9 TTRR . A S
¥ TAPDR 5% #3147 4 i ) PSMC T. B, F 3¢l PSMCWI
(PSMC With IAPDR) /R4 il J5 19 T H. .

PSMC i Ji] 2357 3 fife 75 VE by ol — 119 32 % 20 XK fi 2% , 78
IAPDR Bk 8B rh L Ky Z3 SRR 25 A 3354 fH 1H 5 D hg
FTLASI A MATHSATP SR A28 5 28 55 4k SMTLib2™
1 XA MATHSAT W4 A, 56 WA (8 T 555 7 390 1 5%
1k 23 # A

AR 5048 PSMC H £ B2 BMC, K-Induction, CE-
GAR LI K TAPDR % ¥ %t 992 4~ SCADE & )3 ik 17 #8 1 46
W, Hh CEGAR Bk Rl & T i 4 B AR A BMC 53k, 45 1 4n
FT1LFH. R 1GHT 4 A ARE G AE LM E 922 4
SCADE F& ¥ i, 86 3F 45 5 ol valid, invalid i1 unknown H 2
H & i B0 TE RFE B RIS TE AL B wE &, Hoh L 450 un-
known )R FF B FERTIC N 240s, #HEIE H X/Y #an$ie/
FERS . PR 1 TN, TAPDR 55 vk HA 5 i 19 50 0F 502 B 15
R HR N E M A R F L TAPDR HoAg B8 A 00 e, Hige
IEEFERT R R B, BMC Fl CEGAR 3£ AL E ) &8 1 A~
% 4] SCADE 2 J¥ #F 17 5 3iF , i K-Induction Al TAPDR %}
JB e 4 8R4 42 iy SCADE #2 ¥ # BE ¥E 47 8 3E . 57 41,
TAPDR % J& M AN %2 4 i B2 3 30047 36 UE /) A0SR 55 F HoAh 55 3k
JE P AE T TAPDR 35 BUS 5] B Bk HL 2 78 X6 ik 52 % 4% 2647 52 400
Ry AR b, L BMC B3 0 47 45 0L, A8 400 i 7 B2 Ok 1 48
PSR A ST 2R A BMC B 3k R & B B A 1
TAHEANT =B,

*1 HEXE
Table 1  Algorithms comparison
Algorithm Valid/s Invalid/s Unknown/s TimeCost/s Success-Rate/ %
BMC 0/0 355/105. 6880 567/136 080 136 185. 6880 38.5
CEGAR 0/0 370/131.6710 552/132480 132611.6710 40.1
K-Induction 303/17.051 355/110.9724 265/63600 63728.0234 72.9
IAPDR 441/2088. 440 339/3089.4910 142/34080 39257.9310 84.6

AR 343 A PSMCWI Fl PSMC % 922 4~ SCADE 7
FPHEATRE RGN . 2% 2 BET T A6 A ] T BR Y, PSMCWI
Hl PSMC X 0408 48 oK [W] 2 50 1) SCADE 72 J 1k 47 85 7 4G
B UE B B B R T B B, iR 2 WAL T PSMC,
PSMCWI e Z B0 iiE 139 7, B i R A B 4R oo
UE Ry 7 35 R4 T+ T 15. 1%,

% 2 PSMCWI vs. PSMCCHiD)
Table 2 PSMCWTI vs. PSMC(count)

Program Class BRHE PSMC  PSMCWI Gap
functional 26 5 8 +2
large 96 69 85 +16
memoryl 282 195 250 +55
memory2 182 152 176 +24
misc 110 71 95 +24
protocol 36 31 36 +5
simulation 190 150 163 +13
¥ fa 922 673 812 +139

B 22 Ak, 1 % PSMCWI #il PSMC %t 922 4~ SCADE F#
758 UE B FERT AT T 4. anEk 3 B L sE A 922 N RR R
I 56 UE , PSMCWI [ #€ B 58 45, Al tb F PSMC, 80 R H T
43%,

%3 PSMCWI vs. PSMCFERD)

Table 3 PSMCWI vs. PSMC(time cost)
Tools Count TimeCost/s
PSMC 673 63754.0064

PSMCWI 812 36300.1110

Ran PRI HE SR IB MR AL & H B RS,
JF LA SCAE X R 139 4 SCADE #2 )%, 347 T 8 — 45 10
SCH, LSS IE TAPDR S5 M IE# M . T SCH OptSet KRR X
139 AMRIF . th T BHiA HAb i) 5 34 X SCADE 7% 11
TR RS T B T 24 BT X Lustre 8 5% 3 47 855 20K 0 (49 BF 5%
W, JKind HA AR UL 9 R B, XS Lustre 2 )7 (9 55 E 45 SR
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SCADE &7 i % 4 Jg vk #EAT IE B B 0k . 53 4h, 3R 3 R,
OptSet H Y B A #2519 8 IE 5 R 8 valid, JL R 7E T, PSMC
T H T4 8 BMC Fl CEGAR 84 76 4L U 1 invalid 1972
e, HLAT AN A 5 SR L AR A BHCER 25 s R A K FLJE A valid
FFE Y I 8 5 s BN R FF R 6 R MK IE B/ . T IAPDR
FIATHEIAME 4 /N TIRAZ 0L, @A T PDR, R EFF T #
K Z&, fi 44 IAPDR #8854 2% H P o #b 58 B X OptSet # Y
SCADE 72 ¥ [ 55 1IE .

# 3 OptSet Bk 45 51t L

Table 3 Comparison of verification result for OptSet

Tool Total Valid Invalid
PSMCWI 139 139 0
JKind 139 139 0

X FIERE, 5511 T PSMCWI # JKind X 25 #y 19 922
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Fig. 2 PSMCWI vs. JKind scatter plot
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