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R HATERE. TR0 45 R A PPTL 4 TARA AN T EY AT NuSMV A 485 48 7 AR AT BF 18] 0% | SRR A= 7]
B S 2 B MR T AR i A B,

KGR A S ARRACR I F AR AR A B A K A RIE

PEESES: TP18I

e s R e BRI B D — A i B R I R S R AR I A AR PR 25 41,2015,26(8): 19681982, http://www.
jos.org.cn/1000-9825/4689.htm

Y3 5| F#% 30 Pang T, Duan ZH, Liu XF. Symbolic model checker for propositional projection temporal logic. Ruan Jian Xue
Bao/Journal of Software, 2015,26(8):1968—1982 (in Chinese). http://www.jos.org.cn/1000-9825/4689.htm
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Abstract: The formal specification languages for existing model checking tools such as computation tree logic (CTL) and linear
temporal logic (LTL) are not powerful enough to describe @-regular properties, in that those properties cannot be verified with them. In
this study, a design and implementation procedure of propositional projection temporal logic (PPTL) symbolic model checker (PLSMC) is
developed by implementing the symbolic model checking algorithm for PPTL from author’s previous work based on the acclaimed
symbolic model checking system NuSMV. As PPTL has the expressive power of full-regular expressions, both qualitative and quantitative
properties can be verified with PLSMC. Moreover, PLSMC is an effective model checking tool to tackle the state space explosion problem.
Finally, safety and iterative properties of a railway and highway crossing guardrail control system are checked with PLSMC. Experimental
results show that the presented symbolic model checker for PPTL extends the validation functionality of the NuSMV system such that
state sensitive, concurrent and periodic properties can be specified and verified with PPTL.
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e SV E gAY R Fi e Al o [P 1969

TR A I U — o 5 IE I R R G R A s Ak T 1k, R R S AT O R AT BROIR AL, W
Kripke 5K RATH R0 B3PI R G0 E (0 M A IR 738 48 A 3R R, 55 2848 R A BROR A HL
LIRS, 5 1 52 75 996 A2, I8 A3 A I 43 S 481 AR S 1 At 24 3%, s FEE 1 PRI &5 ok 56 E 125 85 70 Ay
WAA BRI S NFER T R UERIUS T LA R G5 LT 30 453k 3R H TR 2 B ae f il
F5 (B AR I T HL 20 SPINE Y NuSMVYLNusSM V28, CHESSPURT BLAST! V4% F 13045 Wi« A 1 22 B2 ik
AR ARFAE WAL K, NuSMV s& i Carnegie Mellon University I Istituto per la Ricerca Scientifica e
Techolgica(IRST) I & T & 1) 3 T+ 54 B 1% 4 (computation tree logic, & #X CTL)! I £k 1t 1N 36 32 % (linear
temporal logic, & Fk LTL)M ) #5580 RUR M 28 2. 2 A 5038 & 10l fi RN 5 3R 458 1 56 10F, 7T LA 20 2% fit
SPIN Fl CHESS & (& 3CPR 25458 0 KG0T8 B 0 10 41 6 RS 2 (R R 1) 8, JF 5 BLAST 38 g A h % 7
VE ABE BAR I R 48 T kA8, DR B2 21 T 2 R S0 Tk S 1) v DA ] AR, IR BE R AG I T L 1 RIS
CTL I LTL 25 (¥4 G 47 B AS L DU & cotlE W5 75 (0 1R 00, <<3df SR 4555 i3l % 050% h AMHz(H), &% 250
AR R IR AR — AR ) AEMC BT SR AT 5 3 15 AS~58 40 AN IR I N 2 BUE 5 0 8045, 145 — L)
RO S AR SO A 5 S R DG PR A R 8 O AR I R e, 3 SR IR A R AR R I T R A S
ke ) HA EEE X,

i 1% 5% 5} 6 7% 4 (propositional projection temporal logic, & #& PPTL)!*!S15] X T projection 24 57 (i #/E 745,
HLAER B 0 S50 T 58 A 0 U TE 5 1O, B ARGE Al VA TR ARG A RS T 5 P I SR A S R %5 R 0T 250 A
e A AR B0 0 SR AT 5 2R 15 A3 5 40 AN Bk N 32 BUE 55 R0 mT DL il H A 4 PPTL 22U

len(250)*prj Orequest F1 request—len(15); O grantnlen(25);true.

SCIRES] A4 T 28 T SPIN I A il 5 5% I 28 AR S AR Wl 5 76,47 & 7 SPIN (1 Th g, 81459 & R 357 PPTL
A IR &K LA Promela # 5 fii& M R AR FILL Never-Claim £5#Hfii& 1) PPTL A4 il #4A Biichi
H BB, IR A B S AL SRR, GG W R B S AL 52 5 2 15 2 1) 7 VR 36T 2R G B 2R 2 103 ¥ A JUT S 1) P T AR
T % LI T 8 RS 2 (R R, 2 4% 56 AIE 2R 4 MR e DK 33 S B (1 e s o 52 2% ) 4 52 5 | R A RS 7 )
FE ) L e A0, 1% T AN RE AL BE DA FRAR Y (1) PPTL 28 A Aiads 1 M i, I ik B0 4E JE PR B 8 (1) PPTL & K.

Bt P il L SCRR 17082 8T PPTL (R0 5 AR I g 3. e D 294 17— X 4 5 1l (reduced  ordered
binary decision diagram,fijF ROBDD)!" 85 54k fifi ik sl 4031 2 45 AL, A5 1) T ROBDD ) s 45 47-fik A1 25 btk
2528 AR AR AL T NS0T PR 75 25 T 1) AL 45 ) PPTL /2 2438 28 48 B 1 1k 5 iy BT PPTL (9 58 4 1E R 1A g
T AR Y RS I T A G B R IR B8 7 e Ah 1% 5 1 (R IR SCRERE T FRAN TG FRASEZY PPTL 2 xR 46 i

H i, CA7 56T CTL B LTL (45 5 BRI T, 1 NuSMVIURI NuSM V28125 (1 1348 T B8 AN 5 PPTL
A5 R B R U 7 ¥ AR SCHE T NuSMV R GE A PPTL A9 5488 B4 I 7 v s 32 1 T PPTL A5 5 BEBUAG I T
H PLSMC M B RSz i B 3% T 5L 1 23l ok 38 55 MM B AT LA SMVURE 35 755 Ak 334 ) R e M=(S,
LRL)FILL PPTL A X o 53K 1 2 G0 IR E 5T, 43 5143 8 R GoBS R () 3 v R PPTL 1 5 28 i v s 30 v, el
i PEASE PO T AT it AL IR ZS AR B DA RO 06 2 G ) 5 B R 19 BT 5 A0 I R B EY TR OK L MK 35 NuSMV
P 5 AR 25 72 R0 30 ) ML RS R RS U ASE B FR SE B PPTL 555 A R A 0 77 25388 A M v OIR S 85 5 S
Wi Lol RS RS Sat(—) )5 ¥ Sat(— o) SHIIIRS EE 1 #ATE S 5 AR ML HIR SE L R E T o
ARSI 2R SRR T 2 T 3 A SR P O, I FE AN AL I 4 L S0 B AR S AR A A I T B AR LG PPTL 495 BE Y
Rl T H PLSMC 19 1 2 5k 41 R

(1) & CHMMHERMET PPTL H A 564 IE WA fe ), 45 I (B U BT RSP B O kP o 5

SIS AR S M 5T AT DA A A S A A6 IE, 1 At T R S E S WA B8 A R, e vk s S ik
.
(2) ZLHETELMAGSEAEI T R NuSMV FI PPTL 735545 R4S ) 77 72 S B, AT LAAT 2550 b 3 e 55 1
12 AR A 2 (R AR AT ARG 2 (1 SPIN Al CHESS 25) 1 2% 5 H B R 20 5 R 25 2 ) o 1) f.
(3) % T HWIGUEIET SPIN (1) PPTL AR BAS I T H IS 560 (1) LA JE FRABE 2 PPTL 2 = ads 1 14 .
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ARSCH 1 TR B i A N P I ) S A L FR T VAR SR 2 WA o L N I
ORIy VA SR AR JUARL B 3 755t PLSMC T B (1% UF RIS B 2. 58 4 1930 I ) Bk i A8 A8 S 1
P34 22 L W 56 E SE 6K g 7R PLSMC L R FIIERAPE. 55 5 T @Rk 2 1 925 45 ok /s PLSMC L B s T3 .
B 6 TN AR SO 45 RO SRR TAE I R .

1 RN FEE

iy REBE R I P B AR U L — Bl R 9 R R G TR O A E LB SN T B B I A
Prop & — AT U5 T fy B4R A5 PPTL A 308k e T
@:=p|O g—plov a|(p1,....0) DL .
Hoh peProp,o(1<i<m)Fl ol — ¥ PPTL 2 z;“O”(next) M “prj”(projection) A I} )7 /E 45 40 —A4> PPTL
28 2L I 7 B 1 5 R A I 2 2 75 ), Bk kR A A =X
RE s & SN M Prop B2 B={true,false} IS s:Prop—B.H s[p KRR an il p 75 s IRE& T A, s[p]=true
FoR p {E s AR HOL R Z A KA.
DX TH] O=( 80,8 158 ot A2 — S5 A PR B TG FRARAS 7 41 % T4 BR X [, X 1] 4 B o A R A& Hk 15T J6 BR IXC ],
lol= oL JIRES 55 K08 LT A1, 01000 RRHIX o) 145 AR 51X 0] 0y 1S 2R 25 3 12 B — AN T 1R X T
0.y 7R o T X T(s;,...85).
N 52 SCBE RGO S5 5 SURH DR AE 5 B XA 0=(50,8 1502 Yo 1y (B DR EEH 0<p <. <
mSlo] Hof << U < —{ 0,0}, FR ST AT 0= BB oTEFF 1.1, B
O'i«(r],...,r,,)=<stl,stz,...,s,, ,
ottty SE VB .., I T2 T 32 T 1 T A S0 389 517 800,090 1 Cs0,81,92,830°4(0,0,2,2,3)=(50,52,853).
flRE I=(0 k)it — A = J0dlH T, o RIR— N X ALk N BEH W 0,0<kSj<|o|IFpR IR iR I=
(ok )il A 2 o SR RE 1 A 2 5 S
o IFp M HALY s[p]=true;
o [F—pM HALY I p;
o IFpive, M BAY IFg B IE g,
o [FO@YHAY k<j H(o.k+1,j)Ep;
o IE(@1ys0n) PYj @I RIFAEEE T k=ry < <...<r,, <G A (0,r0m)E QL0 r)E o (1<I<m), I
BXFTRUR 2 M8 (07,0, o' DEg:
(1) 7 IEH o= (rosrm)e O i1y %
@) r=i I BA o= (ros..orn), Hoe 0<h<m.
W (0,0,|0)E @, B4 A K @fE X 1) L o il 36 42 14, 1 1E oF oy 401 BAFAE o115 o=, 28 3R oo 2 1T 3 2 110
WX TATLE I 0,0 0, WA R o &1 8015 IIRE A K
empty=—Otrue, more=—empty, skip=len(1), < g=true;p, Hp=—3T—p
len(ny=O"empty, O°p=p, O"p=0(0""¢), @i:0:=(¢1,92) prj empty.
BHWRYE, Bk PPTL A XX AR X B s
o OpRIReEXIMH) N —IRAKA.
o (Pryeers @) DYj @A ] B IS TRTH FBE 20 100 HERE, 20 W 1 T s 00 FE R £ 01, 0 W A A5 T R
JRI Y A KR BE 1) 2 FAT AT o 2R T 50 0,0 5 1,0, FE— AKX EFRAT AT, @ IR BHAT X171 H
Ploeer @ 15 AT DX ) P 3 151 2 K
o empty TR UHTX MK EEA 0.
o O @RIR @HGAE X LK SR FEAR A B
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o OpR7N 470 DX 1K K BT A RS 406 A2

o len(n) R R IKEN n.

o O"pRIN oW TER BLKE RS n(n>0)N I AL

b ((/’1;(02)2%%(01 M, T8z X T] LY 3 A2

EX 1GER). & e,cProp h PPTL Ao I I A i K R 5, o 3G AN

(@erempty)v (VL (9AO ¢))),

Hrh, o, Mg TN true, SH TR 7 A A F, FIE IR, I= 0, ,0Sm<2,0<n<Ilr, BT ¢, B} TALE rep,, i &
N B = @l A B PPTL 225

k2 FroR, 352 B present #4> Fl future #8434 . present 43 A — AR A 2, 1 @, B oy; future 555 7T LA
& empty B E O EAEFFEMI— M PPTL A3, WO ¢ . HH, gp.nempty 71 present i 455 @, 16 4 HNHRE so
JAL, H. 5o /23 2 A K ponempty BIX 55— MMIRES; 0in O ¢ K present #93 @; TE X 1] o 1 U HTRES s B
A7, T future 840 7EF X 0] b (57,55, 85,55,85,..) W 2, HA aF @A O ¢ .

PeAempty oinO ¢

L ® @ ® L \fﬂ!
= een N R A e

Hﬂ»l&h ....... ?’ 3”%”4 ..... >|<ﬂ>| So S(’) Sl’ S; S; Sz’t S;
Fig.1 Semantics of formula (¢, 9,,...,9,) prj @ Fig.2 Normal form of PPTL
K1 2X(enea...0n) prj otk X K2 PPTL ik

PPTL /4205 2 A1 T 3 A2 124 3% IR AS S 2 T, £ 26 W9, UG EE-RE PPTL 2452025 1 Wb o 3¢
3030, B 0 FLUR 1715 2 WL SCIR 201,

2 PPTL fFS#REGN &E %

A 2R RS U ok 50 00F R GEAT R A AT BRI Mo RS W I R A i P IR A ol R T M
JE 7T AL @R B0 IE 2R GEBR T 75 95 A2 S Ik R B T R AR K 22 3 1 I OIRAS 25 IR, 40 E R 48 11
B 4317 BR S E SE PR RGBT FE b, R GO A AT A b R S8 90 R AL 10 20 2 i 20 3 1 R bt A 2R A 0 57 1)
T AU AR A S (A HE ) . L A IRAT TR ABE TR A I 7 32K 1 R S T8 5 1538 A8 70 A PR, A4 80 300 4 R 1tk 25 i i) A
SR TG VA R R E
EFOE 3 ), SCRR[17] P 4 T o R R B 8 A 1 AF S R A U 5 b T A A A 4 S T
ROBDD [#14R 2% 7] [ 46 17 it AR AR LS, N2 PPTL (283K A8 7 S 4 T 5¢ 45 10 I3 75 1O DR e 2 509 vl A 2t
S o 20 bR 25 2 1) AR i 0, - L R A RS S T S IR RE )
7E PPTL 7455 SRS I 5 v 46 A A4 AR 3 B 2% T ROBDD FAT R 45 A S B, HL 6 AR AR AN F
(1) 1l ROBDD 54L&k LA Kripke Z5# M=(S,I,R,L)EM AR 1 IE RGBT PPTL AR %) R
SRR (1 1
2) K E A 3K oA b A B i T 2K o, IR T 20T O oo B S5 187 20 1 28 ST 4R, 338 U iR H B 28
R o T A SURPIRES IR & IR B DY R, 5 15 203 2 o WPIRS RS Sat(p).
(3) LIRABES S WAL Sat(p)sKAME G R E o IREE S Sat(—p), 7 HIWT San(— o) FIFIEERA
EH IS WAZHE Sat(—p)nI A A2 MR A2 W ARG M2 ; & WAL, H A
Sat(— @) AT T RS H R R AT LUK H — 4% I 9] % 12

3 PLSMC 89i&it 53

NuSMVUMER:T CTL A1 LTL fI45 5 BRI R 48,78 NuSMV RSP A I IE R 4T M B 1T SMV %

© PERREERSMROT  httpy/ www. jos. org. cn



1972 Journal of Sofiware ¥ At %3k Vol.26, No.8, August 2015

NTE S MR, B G W18 B PR DR T 4 i CTL B8 LTL A Rk ik NuSMV il i N #k B SMV 3 A8 35 AT
YRR RSN SMV BB TE jil LA ROBDD £ 5 4L ik (¥ R B IR CTL 58 LTL R AT BB SR 1 B 24
XA T A ARG NE A RS A 7 A ST U6, 2T 775 40 R G 8 VA ik H s 2 v s SN0 46
REES G R IRS A RAME IR A L VA K IR S G AT 1S 0 728, W R e 205 2
RIS true; 75 U, 56 false 45 H R B AR 1T, NuSMV R S8 A SCREXT LA PPTL A R (1% AT 500
AATHET NuSMV Ml PPTL 75 5 AR K 0 75 325 (ks o, BV AN SEBL T PPTL 75 5 B K I T H PLSMC.
3.1 PLSMCRREH

PLSMC T HMAEREWEIIWE 3 iz CREFED 6 MAHEEE MBI B H P 4 1 B (user
interface) fi# T ALk (parser) i B BI L (compile) . P 5T 28 3 77 4ifi 15 Bt (proposition) 455 781 45 I 485 £kt (model
checking)fil CUDD #He, HoHr Parser #H A {5085 14 5 2 2064k ok B 4T T 3 (well-formed-formula) [ W AR E.

—
/ FH /1% [ (user interface) \

1l

fi# M7 4% (parser)
2 AT AR (WIT)

SMV i & b 8%

pptl2nf

1l 1!
o it compite) | | #4 47 fticProp)

PropDb

U

= B (M)

Mc_CheckPPtlSpec j
N—

Fig.3 Architecture of PLSMC
K3 PLSMC fk &R 414

CUDD

F P DU He S 48 F P DAy 247 R TR ST B o7 8 AN R B0 IE R 281 SMV i 5 A5 R L PPTL 2 A fl
IR R G 5, B N SCPE ] U FAT 3 SO G 5 28 3EA T S 48 BB T NuSMV RGEANSZRF PPTL 2 xUH & A i i)
BEAERF, R 1 45 T PLSMC T H A9 M PPTL WP EAERF AL . PLse g L KT NI ASCIT i 3R 7.

Table 1 Temporal operators available in PLSMC
& 1 PLSMC SR PR AR 4T

BAER & X HAEH ASCII {4 (IER
. Negation 1 ! lp
@ Next 2 0 O
& Sometimes 2 O Qo
O Always 2 [1 [lo
+ Chop-Plus 2 + 9
* Chop-Star 2 * 9
A And 3 && P&& Py
v Or 3 I ol
— Imply 4 — P> P2
o Iff 4 PN P o
; Chop 5 5 P15 P2
prj Projection 5 prj (o) prj @
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Parser HLHLAE T SMV i85 5 LA S PPTL A RIVEFITE VARG F i N 1) SMV RGBS ALRT PPTL i 4 X
HEAT AFATT 0 SR 2R G 20 2 2 11 0 Y BT VA %, UK A 1 SIS TR RIS 5 0R [m  FH P  T Be s 1 P g
AT 1B 80 n SR VAT i, I 3R A TR R 38 v VR, R R WEE BB PPTL 2 246 dth 4 16 S L3 0,48 5 s
KT 7 SNAFAE A Prop BEER b 45 51 M, 7E NuSMV R 48 h  WHF B He 52 57 L CTL Rl LTL $ifidd i o4 5 2
AL BLAF I PLSMC LBy 1% Ty fig B2 1 T PPTL §t 346 T A ppti2nf(™102°)

Compile FHe A Parser FLHLIRHR ZR G0 B0 [ 5 50, I 4K YOR 20 AT it F 16 (flatten hierarchy). 7% 5 45
fiHh (encode variables) LA 2 #5284 4) 4 (build model) 55 £ 4, 43 71 13 21| Ji - AL A5 2 (flattened model). X%k 5 ]
(algebraic decision diagram,##X ADD)#EZUF1 ROBDD #i% 48 J5 ¥ ROBDD 4% #5545 Mc itk /E4 PPTL
A A R A 0 ok R P AR AN

Prop B3k LT PropDb 4 4544, 1 T 47 f# Parser BEHRARAT A3 20 i 1 5t A X X L H+ A PLSMC &
LRIBAT I LB Mo BEH 1 75 ZE I\ PropDb 1 B [m] 1 57 23 2, 068 1 5T 23 2 1) 28 B EAT 40 W7, 3R 5 s 285 SR iz (]
%5 Mc e 21 3 2 1) Prop #E 32 E A 0 A4S Prop_ctl,Prop_Itl,Prop_psl BL & Prop pptl %5.

Mc BiE Sy PLSMC T H (A% DA EZBIER AT PPTL (75 5 A8 BAS I 1L #2 .2 N Compile FEERIRAZTF 5
I R GERERL, N Prop BEHth 3RAF R Gt i 2 AR5 R PropDb 3 [1] i 23 2 AL 1 FHAH I FR) 48 4 f 1 Jot 22
FHEAT R0 UE, FERE 56 10E 25 L3 (2] 25 F P FRT s SR TS B ar, W 2 i R 4R AR O R P A AR e
7 Z2 GEASE TS rp At 5 R B P2 A1 06 TR 5 B

CUDD B4 £ 75 250 1) A1 2 R B30t A i BB I T 26 R 2 0 2 K22 % 119 CUDD #1452 21 Compile
B RF S R GBI Mo B R G RL W 3 [) LIRS 8 B AR G AR 4.

3.2 PLSMCZ2

WA 3 P s B4R R S5 R v v L PLSMC 45 BE BRI T HCR A C/C+H1E 5 T K, % T Linux “F&1817.
PLSMC T H B R AG E FE & 4 B Jorh BI5E 8 F R 3 T SCIR[17] 0 (K) PPTL 45 5 BERSAG B J7 1097
IF ST BR A, “an b R R B BT ] 3 a BT AL (1 b R AER b #RAE.

(1) LL SMV 5 5 iR 1) 47 56011 2R Goi B4R 28 45 0 28 14 1 5 A\ 31 PLSMC Hr.

(2) oA IR R
) Parser BiHif F ReadModel BRI 25 R G5 SMV R 2 75 5 G 1 V25 R0 V8120 00 00 25 5 A2, DU

H R G ) TE VE A (syntax tree); WA AT AL, LK B 5245 B B P ST, 38 7 F P AT 12 0

2)  Compile #3 F FlattenHierarchy B4 23 B 05 V2 Fh SBR[ (1] J2 20 06 38,3 HH it~ A6 R G 2

3)  Compile #HL i H] EncodeVariables i %067 i S 44 5 G B B4 rh (R{R 748 5 EAT 4 i, i H LA ADD

5 IR 1) R G RA,
4)  Compile B i H BuildModel i 20K ADD 5 2 v ) W) 45 RS R #% 5¢ & K ROBDD #
& L ROBDD 55 (LA i R e i .
(3) IFEIHBEMERA X R IERA:
1) Parser BEHCFIBIPE A K o) JEFL: 1 R oA & PPTL 2320, S 1 NuSMV & 4544 /| CTL 5{ LTL
A 5 RS R ARG I S P2 AT Ak B T 2R o/ PPTL 20 2, WIAZ 45 W B E 42 1 (1) pptl2nf T B AL 3

2)  pptl2nf THEH PPTL 14 )5t 2 2 78 X onr KITHT 12 20, I F A7 A8 15 Prop LR PropDb .
(4)  FIWT FRGURE R T T EE 1

1)  Mc #itlif§ H CheckPPtlSpec B # M\ PropDb #i & 45 £ Fh $R HR I 5 2 20 ot 75 20 o S HF A4 38,

HH Prop B W A N F1¥ A KIS (% 4 Prop_pptl)f& i 4y PropDb_verify all type BG%K;

2)  PropDb_verify_all_type e EURHE S HS M (%A Prop_pptl), MK K FH Me BEE¥ eval_pptl_spec

Fl eval pptl_spec_recur L, M gyp 1 5 8] 5T 28 2UTF U, E P Y R SR 73 ROBDD R S A HH i
L pFPIRES RS Sat(@);
3) XA Sa(@)RKAME KB LRSS TS Sat(—o). B IZEH SVIIHRSES T LK

—
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Sat(—@) I 7%, W ZR G L JUT S k5T B Y true; 75 056 Y false I 4 Y S 42

HHE L B
»| SMV

R E

A 4
Parser::ReadModel

N

Compile::FlattenHierarchy

v

A\

ity

v

Wif::pptl2nf

&

2
/ o35 oy /

v

Compile::EncodeVariables

ADD iR

Compile::BuildModel

ROBDD f574

> Mc::CheckPptlSpec

v

Prop::PropDb_verify_all_type(Prop_pptl)

J———— o,

Mc::eval pptl spec

v

Fo
o

Mc :: eval_pptl_recur [

Fig.4 Flowchart of PLSMC
Kl 4 PLSMC jiif2ls]

VERL A 4 B 7R (P TR B A% 08 40 O 1R A T 28 HE 1) eval_pptl_spec Al eval pptl_spec_recur B&i Y.
XA R BRI T SCBR[ 170 H ) PPTL 4475 A B A Wl U5 v, 48743 PLSMC 1 H SCREXT DL PPTL 23 2 ik 1) 37

B REAT IR B R PR IO AT 5 AL RSB AR A BRI 0k T DA LIRS A ISR S 4 CUDD ik

S0 ROBDD $ fF b8 B T e b, -5 B (2) M5 B (3) 2 16 A5 A7 £ 50 35 I 4 25 BT LA AT 44
7 AT b T B8 17 2%

4 IGUFSLfH

4.1 SREE QIR NiE AP EEH RS

TERR IS 5 A 1% 1072838 11 B4 97 1Rk 4 B 22 5 20 3% B 2290 DA AT N TRD B 30 NI 101 8 2 ol i s 6, — e
TH I T R R A B R A B B A AL W] S T, T T e AR 45 I 4 (programmable  logic controller, &
Fr PLO) 42 45 £ 4 (guardrail control system, & #% GCS),H PLC #&# 8%« B4, AR L. fLE2%.
SRR G AT SR 2H . T LA K 2R B PG 0] AR g I IS AT 8 S AL S F A LR GCS RGN is AT T R

()]

IR AT.
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(2)  KTEUY A VG R R 7 RS AT B AN B TOR R TE I 2 28 s ol 1 iR 2
B IFIE 0,20 I Bt KT RV B B 4T AT b B 1 4k T s R A

(3) ARG FRLE 3 A0 B, 2 B BRIV B B BT 2550, PLC 45 i 28l ok 4 A e LR A N B

(4) A BEBORERES BT MRS 2 0B a3 G, A I BEAT AT RNER I B G AT R, A IR B AR IR TEAT,
KA 1~3 A plod Rt E .

(5) KTEL I IE MR B RN TREI AL 2% 20K (A ) I, 2 % B ANk % B 30 kT o 52, S 2% O 141 ,PLC 445 4H
P I B LR R T

(6) A HEBURIER B BEIT s R 8 2 A0S, A M B AR KT RNk B B LT s 3 R A T AT TR R R B
AR LIRAT, A B BERRZERAT AN RV HENTE O, R G 2 S RS

(7) R A 2R PE A E P ) AR 07 M A K AR TE IR A R — BT RS S

H
2
i
P
b
=

BT, ABT | AT | AT | BT
Uoeparir! pesaer A Ygpa s ety
. :l @0 @ |winn
N
ks 1 LIRS 2 fLiRas 2 fREEE 1

Btk D I ! |

PLC fZ 2%

?

[} » K

Fig.5 Railway and highway crossing guardrail control system

Bl5 Bkl B0 OB D R R 4

R AT ST KB 4G 4 R L 2 B I I8 I R ) A ORAIE VR TR AT N 224 AT BN R SO AT
IR GCS RGeS 22 4tk FOAE AL FTEAT 43 $ AN iR, 9K H PPTL 4% 5 B2 ky il L H PLSMC X L gh 47
SRE ;) I A 6 12 TR e v M SE IR R ) T A
42 PEEHIRFER

AT AEH] PLSMC T X GCS RGEHEAT R, 75 ZE A SMV i 56 R AT N HEAT AL SMV i 35 19 B A
9752 WICHR[19]. R 120 5 X GCS RGTPIRAAL .

KIEFTE VG PN IR 1 IS AR AR U 488 TR 1 B 2R (0 PN AL SRRt 2 ISP 4 DG 1D I b 5 S
IR BB AL T alert 7R KRNI 5 BT

alert:boolean.
B0 ,alert=TRUE, 375 K= B35 A2 IE I P4 O FUANAL G 1 I BRI s alert=FALSE, & 7 K7 8 T A8 I
1380 R 000 TR0 A2 i 2 IR 8 O .

NN B A —4LA0, S B O ATIE AT AR 4R AT N I T8 11 I 2 it b AR 3 s DR L i O A
MR AZ T railway _light FI highway light 785N A8 BT 2450 BT 4L FPIR 2

o railway light:{red,green,yellow};

o highway light:{red,green,yellow};

B0, highway _light=yellow 733 i BURI AT AL T R R AP Ml GCS R AT BEHIIE, & i BLZLIT ANk
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PREBCERT O3 B B AT RN B B LT KT L B o I B KT ROk % B KT a5 i () 4R S8 I ) AH [, TRkt s SR 28 2 A
it light_duration 7R ALK TR R EE 1 [A]:

light duration:{one,two,zero,stay}.
B0, railway_light=yellow & higway _light=yellow & light_duration=two &7~ 7> 1% BERk I B (1) i B FF 8 2
T2 el TR R T B BT MR I B AT AE R S8 W I AL THE SRS, A ) R Gedt N ARSI A4
it TS I BRI RIVER B B LD AT e B AR ) 1) IR e 2 S stay 71 22 48 5 R NS It B 2 AT R Bk i BLZL AT
P58 X zero RAEHI R GEHE N TARZS, I UE L % 2 i Ab T rl SRS IS AT (1 45 SE I 7).

XA AR R BLI G AT CHI ETERUR B 4 ANRES, R e UM B A & guardrail_status
BTRA R T AL R

guardrail_status:{open,closed,lowering,raising}.
N, guardrail=lowering KR FATE T FRRES.

e LIRS AZ B E ,GCS RS MW AR s PR ZS 7T LAY dnie OGHE 752 LR

e init(alert):=FALSE;

o init(railway light):=red,

o init(highway light):=green;

o init(light duration):=stay;

e init(guardrail status):=open.

FIRARFM T B WIREW KRNI XIE O alert=FALSE, " £ 4 T4 JFIRFS guardrail status=open, /s B Bt
SN R B B 2L )T ib THE LIRS light_duration=stay.

TR OUT A B AT R ) 0 W, LUIR SIS 25 M H 3 1) R G v T AT IR AT B 27 00 2R e I 1) A 56
BB B AT LR 56 1 75 SR 08 6 B 3 10 I TRDRE 2 Ay 22 e I T) b A2 3K HL R E GCS AR G YA I 1) O 1
IR IR 2RZSTHR K AR AT H G PR PR B BUE AN —RARE R B I R HA 1,

e next(guardrail status):=case

o (alert & railway light=red & highway light=green & light duration=two & guardrail status=open)|...:

lowering;

o (alert & railway light=green & highway light=red & light duration=zero & guardrail status=closed)

|...:raising;

o (alert & railway light=yellow & highway light=yellow & light_duration=one & guardrail status=

lowering)|...:closed,

o (lalert & railway_light=red & highway light=green & light duration=stay & guardrail status=open)

|...:open;

e TRUE:open;esac;

A SOZ:() SR AR A A S Bk B B ATAT AN A B BESRAT FR 8L A2 2 0B HAP R4 3T IR0, T — s
FORG AL TR BRRAR(2) 30 R 21 PR A iR 0% e G B B B 2 KT M 2 i BEZT AT W a5 HLAP R A AE S RS I R
IRES R T ETHRES(3) 2R 2 FiIR A AR A5 NG PR BRI 28 B BOSAT R A i 1 B AP RS IEAE T
BRI, R RESFHLAE T 5C APIRZS(4) IR 2 B bR 1 25 5C A1, Bk B BLZLJT A0 2 B BT fE 5 HAP A2 4T I I,
RS TR AL T IPIRES T RCAE LR guardrail_status WPRFSIT R HEIR b |, R0 HA
FAHEAR RN RS THITIE KM ETER N X 4 AR IR TR i AR A PR,

R, GCS RFEAT AR P PFPRE L' T B KR, W next(alert),next(railway_light),next(highway_light)
N next(light_duration)5¥9 0] FPRASZE T alert,railway_light,highway_hight light_duration | guardrail _status ]
BUEAR AL e SMV 5 55 $ 4 1) JC 8 7 U1 next,case FIERVERF&CETH 5) BT |1 B0 & R A,
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4.3 GCSARLZIHIE

GCS RGN H IR ORUE K ZEFENTE I FT R C 4 OC ML AT ARG BRI 1, 22 B B ALAT i s 48 13l AT Bk
8 B T RS SOV IBAT 1T HLAE KGR 2 TFIE 0 R P RS AN S T 0T AR A5 22 B 7 18] BV AT A MR B BR %
I6] FRJ K 2 AN 2 D] Ay (] IRk N T 1 T 2 A o 8 46 66, I IS SN 2 A1 Sk P2 O P I T oG 17 35 ) 23 % 77 1) £ 22 3
WELZ RG] LARR

(1) KT NAE XGE DT C AL T 90 PR, 2 B8 J7 1) 04T AR S U7 1) S AT /5.

() PERMERZ 5 58S

BEAh, T 3T KA 38 LN GCS 2R 48 vy LLAE 5 RPARAS I ) 5 B 12 28 0 (0 s AR 0 ml AR R Ay

(3) FHUWRERGL T RS, IBAKAARE GCS REGEn[He N TARRE, M AT/ R AT

MELE 237 m] LUE H,GCS R GG 22 A RIEACHE 3 7 kg 2 I S04 348 14 5, 4 T 22 L f¥) CTL A1 LTL 76
58 BE MR IR PPTL 2 55 T X [ f) I > 32 R AR 3 5 0 3 I [ 480 8 0 o 300 P 55 2 I 428 )5 [R] I, PPTL. + £
*(chop-star) 3 /E fF AT LA J7 {0 b Al i 125 A0 08 5. R 1k, GC'S 2R 45 1) 2 A M RS AR 1k o] LA & 4 LR PPTL A

(1) Ol(alert—(len(5);(guardrail_status=closednrailway_light=greennhighway _light=red))nempty;TRUE)).

FE RN R, K IR B TE AL S 1B RTINS 5 J3 5 3P4 G ), 2 B BRALAT Rk B B HT .

2) O(alert—>(<O(O(guardrail_status=closedn(len(1)vien(2)vien(3)vien(4)vien(5)))); TRUE)).

R RN 221, AR 2 0 S 5 R 23 O P, S AT S I ) AN I 5 73 i

(3) (light_duration=stay); O ((light_duration=zero)v(light_duration=stay)*).

HHPRES ARG SN, F - RE RGN TARRS A 2 WARES R EAA R Z KB 5 (self-
transition).

XA TR (DATTE B (3) R IE GCS RG22t IEAIELL L PLSMC T F 1A 1, F A 5 )
BRI FE2RAL A ] 6(a) b5 BT 7 4 R L1 SMV BRI L SPEC S8 T i (¥) PPTL 22 Ui A %] PLSMC
THJG, RGN A B ME BT L. R, GCS R G0 2 K A2 BENAE SCE PR AL 2 AL TR HPIRAS, 2 % 07
) L1 AT R T 1) G AT 5870 — 2 A PR R

"'root@localhost:~/PLSMC ™

[root@localhost ~1# cd PLSMC/

[root@localhost PLSMC]# ./PLSMC examples/exam
ple_pptl/GCS.smv

-- [1(alert->(len(5); (guardrail_status=closed
&&railway light=green&Shighway light=red)&&EM
PTY;TRUE)) is true

resources used:

user time: 0 s, system time: ©.0166667 s

BDD nodes allocated: 1025

Bytes allocated: 593920

BDD nodes representing transition relation: 1
12+6

[root@localhost PLSMCl#

" root@localhost:~/PLSMC ™ (=] [x]
[root@localhost ~]# cd PLSMC |
[root@localhost PLSMCI# ./PLSMC examples/exam|
ple pptl/GCS.smv

-- {light_duration=stay); () ((light_duration=z
ero) || (Light_duration=stay)*) is true

resources used:

user time: @ s, system time: 0.85 s

|[BDD nodes allocated: 1929

Bytes allocated: 593920

BDD nodes representing transition relation: 1
12 +6

[root@localhost PLSMC]#

" 'root@localhost:~/PLSMC "' [=1[=][x]
[root@localhost PLSMC]# ./PLSMC examples/exam|:

ple_pptl/GCS.smv

-- [l(alert->(1len(2); (quardrail_status=open&é&
railway light=yellow&&highway light=yellow)&é&
EMPTY; TRUE)) is false

-- as demonstrated by the following execution
sequence

Trace Description: PPTL Counterexample
-> State: 1.1 <-

alert = FALSE

railway light = red

highway light = green

light duration = stay

guardrail _status = open
-> State: 1.2 <-

alert = TRUE

railway light = red

highway light = green

light duration = zero

guardrail _status = open
-> State: 1.3 <-

alert = TRUE

railway light = red

highway light = green

light_duration = one

guardrail status = open
-> State: 1.4 <-

alert = TRUE

railway light = red

highway light = green

light duration = two

guardrail status = open

-> State: 1.5 <-

(2)

(®)

Fig.6  Verification result

K6

k&5 R
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AR R (DS

U(alert—(len(2);(guardrail_status=opennrailway_light=yellownhighway light=yellow))aempty;TRUE)),
RILZE AR SIS 20 K 2R B FRAIAL S 1R AR 5 2 40 PP A2 41 5, 20 B BORI R B B 20 AT RN IN 58 R GE 4R
AR R, I 2B A Y (1 S 1 A2 T P 6(b) 4 Y 1) B Bl A i /s AE state: 1.2 I, K42 BTATRANAR KA 15 IR 20
1% alert=TRUE;2 434l &, B, 5k B AR IE RS 313X state: 1.4 I 2K BELTAT 5 0 B BE A AT Roe FLRREL T 2 20 48l,
PRSI T, MAS JE A TR T3 57 A2 4T T, 2 i BRI Bk i B ROAT i e

guardrail_status=opennrailway_light=yellowahighway light=yellow.

FALl i, an B 6(a) T 2B 4 B, M (3) AL K Ik, GCS FR4e i /2 1 i MRS R AL T RS, B4
KR GCS RGET LU N TARARAS, B T 7225 PR S 4R 22 55 B,

PLSMC T H Rt (50 UE 45 R 278, GCS FR GE a2 e 22 A Pk FORE AL BT, I3 45 W1 1 1% T R vk A s Bl
TR (R A 1 e A0 7055 FA 2R SR EAT Th RBS6IE IR, W] A5 B PLSMC L R4 {1 1) S 491 % 428, X 3R 48 T e AT 1 4E 01
LTS

5 KWHER

{E Fedora GNU/Linux 7.0( W %A 2.6.21)F- & +HP 2800 T fEii(Intel Xeon 2.67GHZ 2.66GHZ/12G) I, i
IR PRI K% )¢ Fondazione Bruno Kessle ZH 23 5 A1 f) 47 A5 RUAS I st 84 2 461 %) PLSMC "I H )k R B AT
T — RV, I 5 NuSMV 2.5.4 MAREAT T HOAL 5256 32 % 5G i LR > 77 T ) i) A

(1) Al E A CTLALTL A1 PPTL 2y sURlid (4 P BT 47 46 3E, FL A NuSMV il PLSMC T H H920%

(2) EREX R AEM PPTL 23Ut i PR BT AT B, e 7 PLSMC ) 283 A1 AT Ak BH ) 75 (10 AL,

T SR AT R 0 B SE G &5 R P RIS AT IN T AR 3 0 10 OB ARYA Ml R vh 2R GE I ) (system  time) 55 H] 7
IS 1) (user time) 2 HTEK~F- 24 481 5 2% 1) FF 89 ] ) i RS H S A 5K BE Z BUR VAR ;<= 3878 T R s 47 RN el
I, -coi” 2% 7 il FH 52 Wi HE HL 2 (cone of influence reduction)Z ¥ 5 R i 4T i I 18] TF44.

5.1 GigamaxZF—BUE AN KL 45 R

Gigamax s — M 73 A AL N A7 2 Ab B3R R 45K AE Gigamax 14 5 450 i Ab B AR 4RI 53 T 2/ cluster,
FEA™ cluster 3 I A 2 F1LEZE DU B 244 6 P 50 A 24 28 2% A 1) — Bk [R] I eluster 385 UIC #: A & 42 R
S5 HoAlh cluster AHI%E,UIC #: 175 cluster 22 7] 78 24 5 S BRI s 5 e 46 B4 KA HL T T 47 cluster
AT RFE— B SCER[ 191 45 T Gigamax A7 —EMEVM N SMV 15 5 B8 FOXT R ) NuSMV Fl PLSMC %
R R 2.

Table 2 Model checking results for Gigamax cache coherence protocol
&2 Gigamax 2247 — SUME P ORI LG I 45 R

AT I (s)

MR A AR RS i SMV/NuSMY -coi _PLSMC/PLSMC coi
AGEF(p0.readable) 3408/1.76319e+11 0.032/0.032 0.032/0.032
AG!(p0.writable&p1.writable&p2.writable) 3408/1.76319e+11 0.023/0.027 0.023/0.027
[10)(p0.readable) 3408/1.76319¢+11 - 0.098/0.101
[1(!(p0.writable&p].writable&p2 .writable)) 3408/1.76319e+11 — 0.038/0.039

13K 2 1,CTL A3 AGEF(p0.readable) 3 75 WHIAHIRES & B T B8 AT T BAEAE — SRS AT A B 2R pO
A DL HL 2B A7 9 2% 0 3 AGY (p0.writable&pl .writable&p2 writable) 3 R AEATATIR S T B4 R VFALBE2E pO,p1 I
p2 FIRHAT S ZAEEAE. IR A KAE NuSMV TR UG E 1B FFA5 3024 0.0325/0.032s 1 0.0235/0.027s. 1 T
PLSMC T HEX] NuSMV RZ MY e, Rt — # FEL0 UL CTL 45 i 6 B 170 78 6 — 25045 ) b, 3 ot b m]
PPTL 2 3 [1O)(@0.readable) #1 [|(!(p0.writable&p .writable&p2 .writable)) 2K #fi & , F b I 1) B 18] FF 45 4 531 Ky
0.098s/0.101s 1 0.038s/0.039s.
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5.2
[22] ,
. 7 s Sender,Receiver,S2R  R2S 4 .Sender
S2R Jdata(b,d) Receiver, ,be{0,1} d
; Receiver  S2R , R2S ack(b).Sender
, Receiver , b ;Receiver
, S2R . 3, ,CTL
AGAF (sender.state=get) PPTL [10(sender.state=get)
, Sender sender.state=get. PLSMC  NuSMV CTL
0.042s/0.018s; PPTL NuSMV , PLSMC
0.043s/0.018s. ,PPTL
(sender.state=get)&&()(sender state=send)—({)(sender.state=wait_for_ack)";(sender.state=get))
Sender sender.state=get sender.state=send sender.state=wait _
for_ack, (sender.state=wait for_ack)", Receiver
> . , CTL
LTL , NuSMV , PLSMC 0.056s/0.028s.
g |/daa@.alf- E SN S2R | s2eont Y data(b.dy z
=
& | i) le-.- - R2S PR 1 ack) §
r2s.out r2s.in
Fig.7 Alternating bit protocol
7
Table 3 Model checking results for alternating bit protocol
3
/ (s)
NuSMV/NuSMV -coi | PLSMC/PLSMC -coi
AGAF(sender.state=get) 139776/6.0398e+08 0.042/0.018 0.042/0.018
[1Q) (sender.state=get) 139776/6.0398e+08 - 0.043/0.018
(Oventorstatomsgt for edy ontepstatergery | 127775/60398¢408 - 0.056/0.028
53 PCI
PCI ) ’
[22] 8 PCI
s 2 6 , 3 2 /1 1
3 /1 \ (fixed priority)
(round robin).PCI 4.
4 ,CTL AG(isa_bridge.req—A(isa_bridge.reqUarb.grant=0) isa_bridge
isa_bridge.req R arb.grant=0.
,PPTL [1(isa_bridge.req—(isa_bridge.req)*;arb.grant=0) isa_bridge.req R
(isa_bridge.req)* NuSMV PLSMC
CTL ; PPTL s -coi
,PPTL
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O(all_req—(arb.grant=0;arb.grant=1;arb.grant=2;arb.grant=3;arb.grant=4;arb.grant=5) prj arb.out)
all req=isa_bridge.req&&scsi_ctrl.req&&vga_ctrl.req&&slot0.req&&processors.req&&slot1 .req.
s 8 6 (

arb.out=arb.grant=0||arb.grant=1||arb.grant=2||arb.grant=3||arb.grant=4||arb.grant=5||arb.grant=idle
, PPTL prj ,PLSMC
6.755s/1.094s.

FP RR
isa_bridge . <
0
scsi_ctrl Bank0
1 reqbank0 FP
FP RR
vga_ctrl ¢ ¢ X
0
slot0 Bank1 grant
(. 1 J
EP RR
processor ¢ ¢ <
—=2 0
slotl | Bank3
(. J

Fig.8 PCI bus protocol
8 PCI

Table 4 Model checking results for PCI bus protocol

4 PCI
} ©
NuSMV/NuSMV -coi | PLSMC/PLSMC -coi
AG(isa_bridge.req—A(isa_bridge.reqUarb.grant=0)) | 1.29267e+06/1.21193e+18 1.328/1.157 1.328/1.157
[1(isa_bridge.req—(isa_bridge.req)*;arb.grant=0) 1.29267e+06/1.21193e+18 — 1.396/1.074
(O(all_req—(arb.grant=0;arb.grant=1;arb.grant=2, 1.29267¢+06/1.21193c+18 B 6.755/1.094
arb.grant=3;arb.grant=4;arb.grant=5) prj arb.out) i ) i )
(1) PPTL PLSMC CTL/LTL NuSMV R
CTL/LTL
(2) PPTL s CTL PPTL
PLSMC A NuSMV CTL
(3) PPTL ., PLSMC NuSMV
PLSMC s
NuSMV PPTL PPTL PLSMC
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PPTL pptl2nf ,
,PLSMC , pptl2nf
) 5 ) PLSMC , :
, PLSMC s PPTL )
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