Linear Clause-Form:
x © (—a) ~ {—x,-a}{xa}
x © (aAb) » {=x,a},{—xb},{x,—a, b}
x < (aVb) ~ {=x,a,b},{x,—a},{x,—b}
x < (a @ b) ~ {x,4a,b},{x,ma,—b},{=x,a,b},{-x,—a,—b}
x < (a = b) » {=x,7a,b},{x,a},{x,~b}
X & (a < b) ~ {x,—a,—b},{=x,a,-b},{=x,-ab},{xab}
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function Exists(BddNode e, ¢)

int m; BddNode h, I;

if isLeaf(p) V isLeaf(e) then return ¢;

elsif label(e) > label(y) then (x label(e) does not occur in ¢ x)
return Exists(high(e), ¢);

elsif label(e) =
h := Exists(high(e), high(¢));
| := Exists(high(e), low(y));
return Apply(V,/, h);

else (x label(e) < label(y) *)
h := Exists(e, high());

= Exists(e, low(y));

return CreateNode(label(y), h, I);

endif;

end function

label(y) then

@ contains states s where an infinite path 7 starts with
vt 70 €[]
~~ ¢ holds always on 7
@ [ux.oV Ox]i (liveness properties)
@ contains states s where a (possibly finite) path 7 starts with
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1 sto @AY ) sto @V furu:tion Compose(int x, BddNode ¢, o) 1 0 1 1 a—b —-aV b —-aVaAb aANbPadp1l
O Fog sto @5 Fop sFe f?t m;IBbd‘IjN?dehh’ & - 1 1 0 0 a a a a
fr x> label(i) then retum o 1 1 0 1 bosa av-b —aA-bVa  aAb@bal
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(3) (4) v return ITE(a, high(e), low(s)); a a —a a aNbDad
siFow ... shto g siFoe @ ... saFe @ else 1 1 1 1 1 1 1 1
— m = max{label(), label(a)};
(5) = she E’f A (6) - she OA/P (v, 1) := Ops(a, m); N - p - -
siFow ... shke @ ssFop ... shFe (o0, 1) := Ops(, m); fu!’lCthl’l Constrain(®, 8) function Restrict(®, 3)
h := Compose(x, 1, 1); |f;? = 0 then return 0 |f| /_ff;o thenlretur?E - o
) shke px.p (8) shevx.p | := Compose(x, o, ao); elsif ® € {0,1} V (8 = 1) then return ¢ els' € {0,1} v (8 = 1) then return
sto ste o return CreateNode(m, h, /); else es"e] — max{label(5), label(¢)};
_ endif; m = max{label(3), label(®)}; (¢;¢1) L Ops(’d).m)' ’
sho x in (3)-(6) we assume that end function (®o, ®1) := Ops(®, m); (30"‘ ) - ops(‘gﬁ‘m);v
(9) m {s1,...,8} = SUCB ({5}) and 5 T (Bo, B1) := Ops(B, m); if B0 = 0 then return Restrict(®1, 1)
¢ e {si,...,ss} = preR({s}) function ITE(BddNode /, j, k) if 5o = 0 then return Constrain(®1, 51) elsif 41 = 0 then return Restrict(®o, )
:;‘t/ :503:::\"‘:2:‘!:‘"1;,( elsif 3; = 0 then return Constrain(®o, o) elsif m = label(®) then ) .
function Op(s()v, m) function Apply(®, BddNode a, b) elsif j — 1 then return j else ;1:: Cconstrai_n((zo‘,ﬁ;)); els“:t""‘ CreateNode(m, Restrict(®1, 51), Restrict(®o, fo));
x := label(v); int m; BddNode h, /; elsif j = k then return k := Constrain(®1, 51); ; Bo. /
if m = degree(x) then if isLeaf(a) & isLeaf(b) then else return CreateNode(m, h, /); en'dei:"::d';_esmd(m'APPIY(V"ﬁdl))
return (low(v), high(v)) return Eval(®, label(a), label(b)); En: ;naX{lab?I(i)‘)labe\(j). label(k)}; endif endif end
else return (v, v else io, i) := Ops(i, m); end
end () m = max{label(a), label(b)}; Eﬁ:,ji)):.zzog:(i,kmg;). some CTL* formulas can however be easily translated to CTL
end (a0, a1) := Ops(a, m); /:Z |]TE'(,-0,/0,k0)V; ' for example, EFGp = EFEGp
(bo, br) := O‘ps(b, m); h = ITE(iv, i, ka); this principle can be extended (for state formulas 1):
h:= Apply(®, a1, by); return CreateNode(m, h, /)
I':= Apply(®, a0, bo); end = o= >
return CreateNode(m, h, /); end E?f = El):(éj ﬁéi = 2)6(2;
. o= =
enet _ ElpW o] =E[EQ) We]  Alp W] = Al(Ag) W ¢)]
° * Iz N Ox]c (ssety properis) Elp W ol = EEA Wl AlpW o] = AllAg) W v]

E[Y U o] = E[ U ()]
E[Y U o] = E[ U (Ep)]
Elp B 1] = E[(E¢) B 1]
El B ] = E[(E¢) B Y]

Al U] = Al(AQ) U ]
Al U] = Al(A7) U]
Al B ¢] = Alt B (Ep)]
Al B ¢] = Alu B ()]

3t. 70 € [g] ¢
~~ ¢ holds at least once on m
@ [py.[vx.o A OX]V Qy] (persistence properties)
@ contains states s where an infinite path 7 starts with
3tV 7ttt € o]
~~ i holds after some point on 7
o [vy.Olux.(y A )V Ox]] (fairness properties)
@ contains states s where an infinite path 7 starts with
V.3t wltte) € [o]
~~ ¢ holds infinitely often on 7

@ Boolean operations of G

@ Boolean operations of F

~» G/F conditions are closed under A and V, but not under —

s Gy =F-p
o Gp A Gy
s GpV Gy =

As({p,al.pAa.[p < pAQIALG < gAY],GlpVq])

s Fp =Gy
s FoVFy =Flp V]
o FpAFY =

As({p.q},~pA=q,[p' & PVl Ald < qV¥].F[pAq])

¢ € ¢ ¢ ¢ U P ¢ P e e U

@ CTL can be easily translated to p-calculus
@ in fact, CTL operators may be viewed as macro

@ using ®;r = vy.Qy, i.e., the states that have an infi

AXp = DO(Pint — )

e [ux.p A OX]

~ ¢ holds always on 7
o [uxV Ox]i

~~ ¢ holds at least once on 7
® [uy.[vx.po A OX]V Oyl (persistence properties)

i (safety properties)
e contains states s where an infinite path 7 starts with
vt. 70 € [g]

(liveness properties)
» contains states s where a (possibly finite) path 7 start
3t 70 € [l

@ here is some syntactic sugar
Gp =10 ()]
Fo= A

9

9

@ analog definitions hold for past operators

o we considered LTL with X, ‘X [U] and [E] @ conversely, all binary operators can express [ U ]

S[(~) U (~p A )]
S[=0) W (e = )]
[0 W (o )]

s [pUd]=
s [pUd]=
s [p U]
s [pU¢]=-[(-») Bv]
o [pUv] =B (-pA-v)]

@ analog definitions hold for past operators

lp B @ there is also syntactic sugar for CTL:
@ universal operators

o AXp = ~EX-p

o AGp = ~E[1 U ~¢]
@ there is also syntactic sugar for CTL: o AFp = —~EG—p
@ existential operators o Alp U] = —E[(-¢) U (e A )]
s EFp=E[1U¢] ° A[an]—ﬁE[(w)ur]
s E[p Uv] =E[p Uy]VEGp ° U (mp A ,,)]
s E[p By = E[(~v) U (p A )] ° U (s
s E[p W] = E[(=v) U (¢ A )] °
s E[p B ] = E[(=¢) U (p A —0))] V EG—¢» °
o Elp W] =E[(-v) U (g A)] VEG

e contains states s where an infinite path 7 starts with
ItV 748 € o]

~ ¢ holds after some point on 7
o [vy.Olux.(y A @)V Ox]] (fairess properties)

e contains states s where an infinite path 7 starts with
V1. 3ty w(0F8) € [o] o

~~ ¢ holds infinitely often on 7

AGp = vx. (Pins = @) ADOx

AFp = pux. ¢ vV Ox

Alp U] = px. PV (Pins — ) ADx
Alp U] = vx. ¢ V (Pine — ) AOx
Alp B 9] = px. (Ping = ) A (¢ V Ox)
Alp B 9] = vx. (Pinr — ) A (¢ Vv Ox)
EXp = O(Pins A ¢)

EGp =vx. p A Ox

EFp = px. ®ine A V Ox

Elp Ud] = px. (Pinr A1)V o A Ox

E[p U 9] = vx. (Pins AY) Vo A Ox

Elp B ¢] = pux. =i A (Pins A V Ox)
E[p B 9] = vx. —p A (Pins A V Ox)

@ Boolean operations of FG
o —FGyp = GF-p
s FGp AFGy = FG[p A 4]
» FGp VFGY = A3 ({q},~q,q © (g = ¢| ), FG[~q V ])
@ Boolean operations of GF
o —GFyp = FG-p
@ GFp v GFy = GF[p v ¢]
® GFp AGFY = Az ({q}. ~q.q' < (g.= —|¥), GF[qg A ¢])
~ GF/FG conditions are closed under A and V, but not under —

© reduction of G o EGp =E[p UO0] e AXyp = —EX—¢p
o Gp Aa((q).q,;c,AqA q',Fq) s EFp =E[1U ¢] s AGp = —E[1 U -]
Lo ptaaa o an et s E[pBY]=E[(-0) U(pA-4)] o AFp= ﬁE[(w) uol
@ reduction of F s E[p B ¢] =E[(—¢) U (oA —9)] ° U (g A )]
o Fi can not be expressed by NDetc o E[p W] =E[(—=¢) U (pA¥)] ° (= A =)]
2 Fo=Aslla) 0 o avorco sEpWil=E(-0)U(pru)] i
o Fo=A3({q}. 9,9 < qV »,GFq) ° )]
@ again, watchdogs are employed ° (“‘17 A l/f)]
@ interestingly, Gy can be expressed by NDetg! @ (w’p A L')]

pref(Q2) = {s1 € S1 | I2.(s1,%) ER A5 € Q}

*

o preB(Q2) = {51 € 81 | Vo (51,%2) € R 5 € Qo)
. suc§(Q1) ={5 €8 |Isi.(s1,%) ERAs; € @}

o suck(Q1) = {2 € S | Vs1.(s1,%) ER = 51 € Qi}

@ for structures
o pref¥(Q) is the set of states that have a successor in Q>
o prel¥(Qy) is the set of states that have no successor in S\ @

@ using EX, EG, and E[ U] as basic operators requires two
temporal operators to define the previous syntactic sugar
@ better alternative: basic operators EX, E[ U], and E[ U |:

@ existential operators @ universal operators




