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Abstract:  SAT-based bounded model checking (BMC) is introduced as a complementary technique to OBDD- based sym-
bolic model checking, and is a verification method for parallel and reactive systems. However, until now the propeities verified by
bounded model checking are very limited. Temporal logic PSL is a property specification language (IEEE-1850) describing parallel
systems and is divided into two paits, i. e. the linear time logic FL(Foundation Language) and the branch time logic OBE( Optional
Branching Extension) . The specification checked by BM C is extended to PSL and its algorithm is also proposed. Firstly, define the
bounded semantics of PSL, and then reduce the bounded semantics into SAT by translating PSL specification formula and the state
transition relation of the system M into the propositional formulas, respectively. Finally, verify the satisfiability of the conjunction of
the two propositional formulas. The algorithm resuks in the translation of the existential model checking of the temporal logic PSL
into the satisfiability problem of propositional formula. An example of a queue controlling circuit is used to interpret detailedly the
executing pro cedure of the algorithm.

Key words:  PSL( property specification language) ; BM C( bounded model checking) ; SAT( propositional satiffiability); OB
DD( ordered binary decision diagram)
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16-91 pg, *Kripke M
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OBDD Tt s (i)
. Biere 1o 1999 - 1<k T (k Dlop( ) .,
(WEk), (1))ET, T = uev® u=
(Bounded Model Checking, BMC) SAT (W0, - i-1)),v= (1), -, Mk)); T
\ : Kripke M I~ loop, Lk2l20m (k, 1) loop
/s . SAT k= path k W= {sg. -5/ loop( T)
5 , k s= (U(Wk), 1)) €ET).
, ‘M K 4 M, = (S, Path,, s
, . SAT OBDD L), Pah, M k- pah
, , 22 PSL
, 221 ps. '
, SAT ~ BMC OBDD 1( Sequential Extend
) ) ed Regular Expression , SERE)
, b SERE; r,ri, r2
[10,11] ('specification) ITL. SERE, SERE:
Penczek ' 2002 ACIL( CIL ) (r) crira crira cridr cn&&ra *[* 0]
BMC BMC . [13] cr[% ]
ACTL . t 2( Foundation Language For-
. mulas, FL. formulas)
PSL, PSL b . bbbl FL formulas;
) PSL ¢ ¢ I formulas, r, r, r, SEREs b
) > SAT, PSL , FL formulas:
a M (B e @ C @A el ey eX1@
[rajly, [[M, af]} [[M, o[ QY] o+ Pabort b erl @
a/JiN[[a]]m, , PSL 3( Optional Branching Exten-
, sion Formulas, OBE formulas)
OBE s L Sufa
OBE " OBE :
2 Kipke PSL( Property Specification L ](;Jgf ‘EXf cf CE[f 10 f112
guage) 4(Accellera PSL )
2.1 Kripke (1ol L Accellera PSL ;
AP , AP Kripke M OBE Accellera PSL
4 M= (S, T,so L).  .(1)$ 2.2.2 PSL
:(2) s ;(3)TCSxS (to (1) SEREs
tal) s s s€S, s wl =r w (tightly satisfies) r, , W
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SEREs,
(Dwl ={r} swl =r
Rul=bstwl=1 wll=0b

Bwl =rpr, 23wy, wy s.to w= ww,, wl =1

r,ry,rp

le ETZ

(Hwl =rizro e w, wo, L, s.to w= wibws, will =

ry Z'M)zl Erz
(S)wl=rilrnew =r; wl =r,
(6)wl =r&&r, <wl =r;, wl =r,

(1wl =[* 0] w= €
(8wl =r[* | <wl =[* 0]

dw,, wy s.tw, %

Ew= wwy, wil Er wyl =r[* ]
(2) FL
wl= ¢ w ¢ , W
, b R A SEREs, ¢ ¢
L .

(Dwl=(® <wl=9% 2uwl=7P=wl Z¢ (3) wl
= PAbswl=P wl= ¢

Hwl=b! Swl>0 w’ll=b (5wl=b<wl
=0 wll=b (6wl=r! Fj<lwl, s tw®l
=r

Twl= revVi< lwl, s tw” T = r! 8)wl =
J

X! estwl>1 whl=¢@
(wl=[ U] <Tk< lwl,s.twh 1=  Vj<k,
Wol= @
(10)wl= ®Pabort b<wl= ¢  Fj<lwl st ll=b
wh FITe = @
(1wl=rl =~ PaVji< lwl,s.t.w® 7l =r, 0 1= @
(3)PSL OBE CIL,
[4]
(4)PSL
M, k , @, a, a, PSL , b
, T, T, T SEREs, ¢ ¢ FL
M, [(T, L), n]l=a a M, Fkpah T
true, T, n, M,.

(D[( T 1), nl=p iff p €Tl n);

(D[( T 1), n]l= =p iffp ST(n);

([T, 1), n]l = a,&&a, iff [( T}, 1), n]| = q
and [( T, 1), nfl= ag

(T, 1), ]l = al a il [(T, 1), n]l = 0 or
[(Th 1), n]l= ay

(5)[(T, 1), n]l = X! aiff ] E€loop(T,), then if n
<k [(T,0l), n+ 1]l = aelse [(T, 1), I]]l= aAnd
when [ €loop( T,) if n< k then [( T, 1), n+ 1] = a, else
false;

(6)[(T, 1),n]l= aUaiff I €loop( T,), then I n
i<k, ([(Ta1),i]l= tpand Vo § <i-= 1/( T, 1),
jil=a)or 31<i<n-1,([(T,1),i]l= qgand V1
SSE[(T, D))= opand VIS Si= 1[( T, 1),j]
= q) othewise 3n i<k, ([(T. 1), ]l = qyand V1
S Si- L[(% 0, j]1= ay);

(1)[(T, 1), n]l=rl - P iff [ €loop(T,), then Vn
i<k ([(T1),i]l= Pand Vo § <i [(T, 1), ]!
=r)or VISi<n- 1([(T, 1), i]l= ®and Vn § <
E[(T, 1), j]l=rad VIS <i[(T,1),j]1=r) Ot
awise Vn <i <k ([(T, 1), i]l= Pand Vn < <
[(%. 1), j]V=71);

(8)[ (T, 1), n]l=ry rziﬁ"ZEIOOp(TGC),then Jn<
Pk (1), 0] = rpand Vo § i [(T, 1), /] 1=
r)or II<iS<n-1([(T,1),i]l=ryand Vn<j <k
[(%0).j]1=ryand VIS <i[(,1).j]1=r) Ot
awise 3n i <k ([(W 1), i]l= roand Vi § <i
[T 1), j]V=T11);

(9)[(T, 1), n]l= ryryiff [ €loop( T),then 3 n+
1<k ([(T 1), i]l=rnand Vn<§ <i/[(T.1),j]
=r)or Va<iSE[(T,1),i]l=ryor Vn <i <k
[(T 1), ifl=rior AI<iS<n- 1([(T, 1),i]l=r,
and Vo § <k [(T, 1), j]l=riand VIS <i[(T,
D),jjl=r)or VIS SE[(T, 1), i]l= ryor VIS <
E[(T, 1), i]l= riOtherwise 3 n+ 1 <i <k([(T, 1),
iJl=rpand Va§ <i[(T, 1),j]1=r) or Vn<i<k
[(T 1), i]l=ryor Va<i <k [(T,1),i]l=r;

(10)[( &, 1), n]l = r[* ] iff [ €loop( T ), then
(Vn<i <k [(T, 1), i]l=ror An+ 1<i<k ([(T,
D,iJl=r[*] and Vn<§ <i- 1[(T,1),j]l=r)) or
(VISi <k [(T1),i]l=71o Vi+ 1 <i<n- 1
([(T ), ifl=r[* ] and Vn<§ Sk [(T, 1), j]1=r
and VIS <i— 1 /(T 1),j]1= r)) Othewise [( T,
DonJl=r[*] oo Va<i<k [(T,1),j]l=ro In
+ 10k ([(T, 1), i]l=r[*] and Vn § Si- 1
[(T 1), j]l=71);

(1)[( T, 1), n]l = ®abort b iff [ € loop( T,), then
Va<i<k[(T,1),i/l= Por In+ 1<i<k ([(T,
1),iJl=band Vo§ <1 /(T 1), j]1= ©) or A1+
1Si<n-1([(T,1),i]l=bad Vn<j <k [(T,
[).jjl= ®and VISj i- 1[(T,1),j]l= ) Other
wise VaSi Sk [(T, 1), iJl= ®or An+ 1<; <k
([(T,0),iJl=band Vo< <i= 1[(T, 1),j]=
?);

(12)[( T, 1), n]l = Ea iff 3 W™ € Path,(if n< I,
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T(n)= sl™" and An<I<k [(T, 1), n]l = a other
wise ()= s/ and 31 <n <k [(T, 1), n]l = a);

(B)[(T, 1), n]l = Ga if I €loop(T,) then
AE win(n, yl (T 1), nf 1= a Othewise false.

5 (PSL )

PSL a  kmodel M, ( M,
= q) 0 <k M, [ (T, 1), 0]
= q, (0 o , o M,

true.

1 M Kripke ,a PSL s

frpath T, loop( T)= © Ml= Ea

k20, M, = Ea

2 M Kripke ,a PSL ,
M| = Eq, EEN, M, = Ea.

3 M Kripke , a PSL ,
| Ml M , Ml=Ea kS
M1 x2'" Myl = Ea.

4 M Kripke , a PSL , k
=IM+1 Ml= Ea Ml = Ea.

3 PSL ( ) SAT(
)
. PSL , ,
( ) SAT, PSL
PSL
: PSL a
[[M,a]]w:=[[M, af]i N[[o]]y,
, M, af] k . 1]y,
a M, , 6 7
[[a]]n,
, . b LT, T
r SEREs ¢ ¢ L , a PSL
Jk L,m, n€EN,M Kripke , skt S
. w, v,H(w,v):= (w=v);

*Pathi™: = ( VYw, v ( ViZ{ (w —si™T Ny —
Sém//pr 1/)_>T(w, v)));
.Lim[]_: T(Simj[k] S{m][[])_

-lLim]..z V;C:()Lgn{;

- 35 3 Lm0 .3 gl
*(k,l)-loop , n<k n suce( n)
suce(n):=n+ 1, n=4k ,suce(n):= [
6 ( (k,Dloop PSL SAT
)

(DL[BITE = b sfrilnd), b €1 sfmI 1)
([ 6] Ji= A b(si™), b &U(sfrI)
(3)[[r1&&ra] [} = [[ 1] TR0 N[ ] 10

() [ri) e JE = [ e gV [ g PR
(5) [[X! ®]]m" = i n < k then [[ X!

@ 7L+ else false

(6) [[ TS JEmIIT = VE ([[ $]75m0T A A
[[ 9"

(D[[r) ™ @i =
[[r]]5m0)

(8)[[ry:ra] J§M = VE ([[ ra] JEET A AL
[[ 15"

([ [ri;ral 157 = VR ([ rad JEMTT A AL,
[[rd )N AL L] PRI AL ey 7t

(10) [[r[* J])i": = (k== 0) V AL,
[Lr]1e "t N vE o fe [ T A A
[[r]]5m0)

(11)[[® abort b]JmI: = NE [ @]]m00 v
VE (LB N NZ AT 1)

(12) [[ Ea]]imm . = 3 SLm™ YV (Pabf™ YV AN H
(kI st ) N a R NS LY ) v
VE Ly YN[ a] Jhee Vi) )

(13)[[ Ga] ]} = false

7 ( (kDloop

NE LT 95N AL

=n

PSL SAT

)
(U [p]]3m0 = p(sfmitl), p €1(simIM)
(29[ ~p]liz= ap(simi™),  p €L(smIT)
(3)if [ &&ro] J} 1M = [ [ 1] R0 A

l[[ rz]][km/[ nf
([ [rilrof [ = [ i 5NV [ra] R0
(5)[[X! @ fmlint: = [ @ plmisee (n]

(6),[[ CUS] T4 = VE ([ b 51T A N

AL ) NN Iz LS ANE 9] It

NNEL L 9T
(Dl [r =) o= NG N AL

LTI )N N L TR N N ] T

NN ] ]

(8)i [ rzjjémj["]-' = Vf: W (0[] rz]]émj[i] A

NE e [ [ BT N N ISP ] TR A AR,

l[[rl]]/km//j/ A /\ji: l[[”]]ém//j/)

(9)uf[ ri ra M = VE ([ [ra] 1T A

N L IR0 ) N NE [ e IR VAL
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LT TN (N L] TN NE ]
NN T N NE L] AR
[T T

(L0) [ [r[* J]JRMI = o[ [r[* J]J2M v (AL,
([T TN NE e [ TTIE A A
A LTI ) )N (CNE [N VL
[ J1J5M 0T N NS ] T NN ] )

(1) ff ®abort b] 74" = AL o €175 v
VE o (LB TRMEE N N L @) v
GBI N NS RN Nz )

(12) [ Eajjim{i®: = 3 S{m YV ( Pahl™ " A H
(S[km][”], sé"” 1][0]) A (([[ a]][knw- 1][0]) A 9 lLémJ' I]) \
Vik: O(L/k,mi+ Y N[ a]]éf,mf 1//0/))

(13)[[Ga] J5 1" - = AL et ol [ ] 15717

6 7 (12) (13) [15]
depth , k M,
PSL k-path
8(PSL depthx)

a, B PSL .k EN,

(1) p€AP,  depthy(p)= depthy( 71p)= 0;

(2) f=al B, depthi(f)= max/depthi( a),
depthy(B)};

(3) f= o&&B,  depthy(f)= depthi(a)+
depthy(B)};

(4) f=FEa, depthi(f)= depthiy( @)+ 1;

(5) f= 6a, depthy(f)= (k+ 1)depth,(a);

(6) f=X!a  depthy(f)= depthy( a);

(1) f= ®abort b,
depthy ( ®)+ depth;(b)

depth;.(f) = depth,( %) ke

(8) f=alB, f=aB f=ab f=a B
depthy (f) = k= depthy( @)+ depth,(B);

9) f=r[*]( r ), depthi(f)

=0  depth,(r)+ k;
w}

(wo, -+ wk) - path,

[[M, a]], depth, (a) k- path.
9( ) Kripke
M, kEN
[IM, o] s = L(wgo) AACY ANZIT (w00 )
s Is(w(],(]) Wo,0

S; T(w,v), s s w v s
T(w,v) true (s,s/)ET; 0<i

- 1, 1S Sdepihy( a), wi

2009
j  kpath i . 6 7, PSL
a [[a]]u,
[[M, a]], 10.
10( General Translation) a
FL. .M Kripke —, kEN
[[M, of]w:=[[M, o] N[[o]]y:=[[M, oaf]i N
[[ ][5
5 M Kripke , a PSL ,
[[M, a]], M, = Ea.
6 M Kripke ,a PSL ,
k=pah T loop( %)= @ [[M,a]], M,
= Ea.
7 M Kripke , a PSL ,
| M| M . [IM, ]y
ESIMI LY Myl = Ea
8 M Kripke ,a PSL , k
=M, [[M, q]], M, = Ea.
67 910
[[M,a]]w:=[[M afJi N[[a]]u, ,
a M, [TM, aj],
M , a PSL s
PSL :
11 (PSL )
0 Procedure BMC(M, a)
1 for k= 1to | M|
2 Mok M,
T(w,v), w, v ;
3 8, depth,(a);
4 Step3 9, M
[[M, of];
5 6,7, M a
[1o] Jwe= ([ o] 37
6 10,

[IM, a]]:=
[[M, of[EN[[ o] ]m,, :
T ([[M, ] ]y = [[M, o] [p N[ al]y

)
8 Ml= a (invalid) ;
9 k= 1MI, M= a
4 _
1 )
. : gFirst
, qLlast . cntrl
q Insert( ), gRemove( ),
qFull( ), ¢Empty ( )
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qError( ) sc€S,, pre( sc) post( sc)
: (1) P ) 5 (2) ) sc
) , pre( error) = {£1234 A insert} U
"”ﬁ“"“ {e1234 Aremove} , post (error) = {rstV}. , b('sc)
U sc L
7 k=2 [[Mall,
6 e 4.1 [[M**] ]
5 | gRemove ‘
. [ gError L, n=3 5
) - gEmpty (0,00)= el234, (0,0, 1)= el23f4, (O 1, 0)= el234, (o
| gkl L= elf34 (1,00)= {1234 L,  n,y=2
0 3 £(0,0)= TN, (0, 1)= insen, (1,
0) = remove. , m= n;+ n,
=5 .L
ql)a(aol&l B— 1= 1{0,1,2}, = {3,4). w=(w/[0], -.w[4])
v=(v[0], --v[4]) ,
function [3:0] qQNext :
input [3:0] p; Ly L .
qNext=((p+1) mod qSize); o Puae(w):=w[4 N qw/[5].
end function ) Iso(w): = Ni€o .4
qw/i]

assign  qFull=(qNext(qLast)= =qFirst),
qEmpty=(qLast= =qFirst),

qInsert=(qNext= =qNext+1),

assign
assign
assign qRemove=(qNext= =qNext-1);

assign  qError=(qFull && qlnsert)|(qEmpty&& qRemove)

B2 BABUR ] R B AR AR R &R S 1R
2

, PSL

(1) (gFull && glnsert ~ X! ( 7 gEmpty)) abort
(rstN) 5 (2) ( gEmpty && qRemove_}X! ( 71 gFull)) abort
(1stV). rsiN . (1)

s K 5 ( 2’)

” B

) :
(qFull && glnsert ~ X! (= gEmply)) abort
= ( 71 ( gFull && glInsert) | X! ( 7 ¢gEmpty))
tN)
L= {L Ly}, Ly, L»

, s L= {el234( 1,
2,3, 4 ), el23f4( 1,23 ,4 ),
el2(34, el234, 11234}, L,= { insert, remove, stV } .

S .= {empty, full, eror}.

(
(7 )
aboﬂ(-l

*T(w,v):=Veesel Ni€preise) Pilw) NN € poaiae) Pi

(v) AN Neg(w[ i] Sv[i]))V(Nese Vi€ pgso (1W1)
NN ep qy(wli] svfi]))
. B:= Uic 1o i

S, S
w o , T(w,v) s 8
.T(w, v) |
s S, post(sc)
s, s
) s
s s= sl, T
(total). ,T(w,v) tre (s,s)
€r. 8

depthy( @) = 5, 9

[[M*0]] 5= To(w) NN 1< <5n0<ic 2 T (w; 5 Wiy 1 ;)

4.2 [[allm,
w= (w[0], --w[4]) .
P, 6 7 [1 o130 ¢
kloop ):

a= ( 7 ( gFull && glnsert) | X! (7 gEmpty)) abort
(rstN)

s [[a] ) = [ ( gFull && glnsert) | X!
(1 qFmpty) Jabort( 7 rstV) ] J4Y1Y

= Ao/l (gFull && ¢lnsert) | X! ( 7 gEmp



620

2009

) I TN NG L AN TSN NG [ A gFull
&& glnsert) | X! (=1 qFmpty) ] /570 ) V V([ A
stV BTN AP A (gFull && glnsert) | X! (4
qEmpty) 14900 N N2 [T A (qFull && glnsert) | X!

(1gEmpty) 17570 )
*1[[ qFull && qlnsert]]é’”][”]; =1/[q Full]]i”‘]["] A
[ [ qTosent] 40 (2)
<[ gFull] J5m = gFull(wh™ ™ ): = (wim™" 0] A
W] A k) 3
[ qlnsat] ] s = gInsent( wi™ (") : = (qwimII[3]
Nulp4)) 4

“J[[ 71 (qFull && glnsert)]J{": = 5wl [0] V
Wl N W [N w3V 4] (5)
“J[[ 7 qBpty] [0 = = qEmpty(wf): = il
[0] V awl™ [1] Vw2 (6)
X! (AgBmpty) ] 4= o[ [ 3 qFmpty] 74
— wém//sucd n) /[0] lekm//suvd n)/[ 1] Vw/km//succ(n)/[z] (7)
* [ (qFull & qlnsent)| X/ ( qEmpty) ] /1" = o
wh ™M FO] VM 1] N k™ [2] Vao i T 3]V 5
wé"‘””l [4] V w[km/[sucdn)/ [0] V wim//sucn(n)/ [1] V

whm eI (8
S [ AestV = gt (wh™M ) = qw it 3]
A qwi™ M4 (9
(2)~(9) (1)
[[a]]w, 3 .k
1 I Ml [[M, a]],
k=2 , SAT
PROVER [IM, a]], ) k=6
5
SAT 1999 \
OBDD
PSL
, PSL . .
SAT, PSL
a M [[a]]y,
[[M, o]k, [[M, o] ] N[[a]]m
, PSL
k-

path depth;. (@) , ,
[17] ( Restricted Translation) s
k-path ,
. [ 18]
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