Annex F

Formal semantics of concurrent

assertions

F.2 Abstract syntax

F.2.1 Abstract grammars

REPLACE

The abstract grammar for unclocked properties is

P:=R // "sequence" form
[(P) // "parenthesis"™ form
| not P // "negation" form
|(PorP) // "or" form
|(Pand P) // "and" form
[ (R |-> P) // "implication" form

WITH

The abstract grammar for unclocked properties is
P =R "secquence"form strong (R)
|weak(fb
| (P)
| not P
| (PorP)
| (Pand P)
| (R |-> P)
| nexttime P
| ( Puntil P)
| accept on (b) P

REPLACE

//
//
//
//
//
//
//
//
//
//

"strong sequence" form
"weak sequence" form
"parenthesis" form
"negation" form

"or" form

"and" form
"implication" form
"nexttime" form
"until" form
"accept_on" form



The abstract grammar for clocked properties is

Q:=Q () P // "clock" form

| S // "sequence" form
| (Q) // "parenthesis" form
| not Q // "negation" form
[(Qor@) // "or" form
| (Qand Q) // "and" form
[(S 1> @) // "implication" form

WITH

The abstract grammar for clocked properties is

Q:=Q(c) P // "clock" form
| Q " crrroanm el £
| [~4 %U T O
strong strong sequence orm
| (S) /) " LI
weak weak sequence orm
| (S) /)" k LI
| (@) // "parenthesis" form
| not @ // "negation" form
| (Qor@Q) // "or" form
| (Qand Q) // "and" form
[ (S 1->Q) // "implication" form
| nexttime ) // "nexttime" form
| (Quntil @) // "until" form
| accept_on (b) @ // "accept_on" form

F.2.3 Derived forms

REPLACE

Internal parentheses are omitted in compositions of the (associative) operators ##1 and or.

F.2.3.1 Derived nonoverlapping implication operator
— (R |=> P) = ((Ry ##1 1) |—> P).
— (S1 1=> Q) = ((S1 ##1 e(1) 1) [—> Q).

F.2.3.2 Derived consecutive repetition operators
— Letm > 0. R[*m] = (R ##1 R ##1 ... ##1 R) //m copies of R.
— R[x0: 8] = (R[*0] or R[1:9]).
— Letm <n. R[xm:n] = R[*m] or R[*m+1] or ... or R[¥n]).

— Letm > 1. R*xm :$] = (R[*m-1] ##1 R[x1:8$]).



F.2.3.3 Derived delay and concatenation operators

Letm < n.
— (##[m R) = (1[*m:n] ##1 R).
— (##m:31 R) = (L[ *m:8] ##1 R).
— (##m R) = (1[*m] ##1 R).
— Letm > 0. (Ri##[m:n] Re) = (Ri##1 1[m—1:n—1]1 ##1 Ry).
— Letm > 0. (Ri##[m:3] Ry) = (Ri##1 1[m—1:3] ##1 Ry).
— Letm > 1. (Ri##m Ry) = (Ri##1 1[m—1] ##1 Ry).
— (Rq ##[0:0] R2) = (R1 ##0 R»).
— Letn > 0. (Ri##[0:n] Re) = ((R1 ##0 Ro)or (Rl ##[1:n] Ry)).
— (R1#4#[0:$]1 Rp) = ((R1 ##0 Ro)or (Rl ##[1:3]1 R»y)).

F.2.3.4 Derived nonconsecutive repetition operators
Letm <n.
— b[->m:n] = (Ib[x0: 8] ##1 b)[*m : n]).
— b[->m : 8] = (1b[«x0: 8] ##1 b)[xm : §]).
— b[->m| = (10[x0: 8] ##1 b)[*xm]).
— bl=m:n] = (b[->m:n] ##1 B[x0:$]).
— b=m:8] = (b[->m:$] ##1 !b[x0:$]).
— bl=m] = (b[->m] ##1 b[x0: §]).

F.2.3.5 Other derived operators
— (R1 and Ry) = (((Ry ##1 1[%0:$]) intersect Ry) or (R; intersect (Ry ##1 1[x0:51))).
— (Rq within Ry) = ((1[#0:$] ##1 R; ##1 1[%0:$]) intersect Ry).

— (b throughout R) = ((b1[+0:$]) intersect R).

— (R,v=¢) = (R ##0 (1,v =¢)).

— (Ryvy =e1,...,vp =€) = (R,vg =el) #4#0 (1,v2 =ea,...,v = ¢)) for k > 1.
— (i£(b) P) = (b |—> P).

— (if(b) P, else P;) = (b |-> P;) and (Ib |-> Py)).

WITH

Internal parentheses are omitted in compositions of the (associative) operators ##1 and or.

£2.3.1 Derived lappine imolicati



F.2.3.1 Derived sequence operators

F.2.3.21.1 Derived consecutive repetition operators
— Letm>0.R [+m] = (R [*m-1] ##1R).
— R[%0:$] = (R[*0] or R[1:8%]).

— R [*m:m] =R [*xm].
— Letm <n. R [xm:n] = (R [*m:n-1] or R [*n]).
— Letm>1.R[«xm:8] = (R[*m-1]1 ##1 R[x1:8]).

F.2.3.31.2 Derived delay and concatenation operators

Letm < n.

— (##\nlb m:n\nrb R) = (1\nlb xm:n\nrb ##1 R).

— (##\nlb m:$\nrb R) = (1\nlb *xm:$\nrb ##1 R).

— (##m R) = (1\nlb s=m\nrb ##1 R).

— Letm > 0. (Ri##\nlb m:n\nrb Ry) = (Ri##1 1\nlb m—1:n—1\nrb ##1 Ry).

— Letm > 0. (Ri##\nlb m:$\nrb Ry) = (Ri##1 1\nlb m—1:$\nrb ##1 Rs).

— Letm > 1. (Ri##m Ry) = (Ri##1 1\nlb m —1\nrb ##1 R>).

— (Ry ##\nlb 0:0\nrb Ry) = (R; ##0 R3).

— Letn > 0. (R1##\nlb 0:n\nrb Ry) = ((R1 ##0 Ry) or (Rl ##\nlb 1l:n\nrb Rs)).
— (Ri##\nlb 0:3\nrb Rs) = ((R; ##0 Rs) or (Rl ##\nlb 1:3\nrb Rjy)).

F.2.3.41.3 Derived nonconsecutive repetition operators
Letm < n.
— bl->m:n] = ([ *x0:$] ##1 b)[*m:nl).
— b[->m:8] = (W[ x0:8] ##1 b)[*m:$]).
— bl->m] = ([ *0:8] ##1 b)[ *xm]).
— bl=m:n] = (b[->m:n] ##1 b[*0:8$]).
— bl=m:8] = (b[->m: 8] ##1 W[ *0:8$]).
— bl =m] = (b[->m] ##1 W[ x0:89%]1).



F.2.3.51.4 Other derived operators

Ry and Ry) = (((R1 ##1 1\nlb %0:3\nrb ) intersect Rs) or (R; intersect (Ry; ##1 1\nlb *0:$

Ry, within Rp) = ((1\nlb »0:$\nrb ##1 R; ##1 1\nlb x0:3\nrb ) intersect R»).

— (
— (
— (b throughout R) = ((b\nlb x0:$\nrb ) intersect R).
— (Ryv=¢e) = (R ##0 (L,v=c¢)).

— (

Rvi=e1,...,vp =€) = ((R,uy =el) #40 (1,v2 =ea,...,vp =¢)) for k > 1.

F.2.3.2 Derived property operators
F.2.3.2.1 Derived sequential property

— R = strong (R) when used in a cover property or expect statement. R = weak (R) when
used in an assert property Or assume property statement.

F.2.3.2.2 Derived boolean operators

— p1 implies ps = (not p; or p2).

— p1 iff po = ((p1 implies p3) and (p2 implies pj)).

F.2.3.2.3 Derived nonoverlapping implication operator
— (R |=> P) = ((R ##1 1) |-—> P).
— (S I=>0) = ((5 ##1 ¢(1) 1) [-> 0O).

F.2.3.2.4 Derived conditional operators

— (if(b) P) = (b |-> P).

— (if (b) P1elseP3;) = ((b |-> P;1) and (weak (b) or P3)).

F.2.3.2.5 Derived followed_by operators

— (r #=# p) = (not(r |-> notp)).
— (r #=# p) = (not(r |=> notp)).

F.2.3.2.6 Derived reset operator /l'if 1757 pass
— (reject.on (b) p) = (not (accept_on (b) notp)).



F.2.3.2.7 Derived unbounded temporal operators

— (alwaysp) = (puntilO).

— (s_eventually p) = (not (always(notp)).

— (pswuntilg) = ((puntil g) and s_eventuallyq).
— (puntilwithg) = ((puntil (pandgq)).

— (psuntilwithg) = ((ps_until (pandgq)).

F.2.3.2.8 Derived bounded temporal operators

— (s_nexttime p) = (not nexttime not p).

— (nexttime [0] p) = (1 |->p).

— Letm > 0. (nexttime[m] p) = (nexttime (nexttime[m-1] p)).

— Letm > 0. (s.nexttime[m] p) = (not nexttime[m] notp).

— Letm > 0. (eventually[m:m] p) = (nexttime[m] p);

— Letm < n. (eventually[m:n] p) = (eventually[m:mn-1] p or nexttime[n] p);
— Letm > 0. (always[m:m] p) = (nexttime[m] p);

— Letm < n. (always[m:n] p) = (always[m:n-1] p and nexttime[n] p);
— Letm > 0. (always [m:$] p= (nexttime[m] always p)

— Letm < n. (s_eventually[m:n] p) = (not always[m:n] notp).

— Letm > 0. (s_eventually[m:$] p) = (s_nexttime[m] s_eventuallyp).
— Letm < n. (s_.always [m:n] p) = (not eventually[m:mn] notp).

F.3 Semantics

F.3.1 Rewrite rules for clocks

REPLACE

The semantics of clocked sequences and properties is defined in terms of the semantics of unclocked se-
quences and properties. The following rewrite rules define the transformation of a clocked sequence or
property into an unclocked version that is equivalent for the purposes of defining the satisfaction relation.
In this transformation, it is required that the conditions in event controls not be dependent upon any local
variables.

— @(c) br— (1c[*0:$] #4#1c & b).
— @) (l,v=e)— (@)1 ##0 (1,v = ¢)).



— @(o) (P) — (@(0)P).

— @(c) (R ##1R2) — (@(c)Ry ##1@(c)R2).

— @(c) (R ##0R2) — (@(c)R; ##0@(c)Ry).

— @(c) (R, or Rs)— (@()R; or @(c)Ry).

— @(¢) (Ry intersect Rj) — (@ (¢) R; intersect @ (¢)Ry).
— @(¢) firstmatch (R) — ( firstmatch (@(c)R)).

— @) R[+x0] — (@(c)R)[%01).

— @) R[*1:3] — (@(c)R)[*1:81).

— @(c¢) disable iff (b)) P+—— disable iff )(b) (@(c)P).
— @(¢) not P+—— not @(c¢)P.

— @) (P | > P)— (@(c)Py | —> @(c)Ps).

— @) (P1 or Py)r— (@(c)P, or @(c)F»).

— @(c) (P, and Py)+— (@(c)Py and @(c)P).

WITH

The semantics of clocked sequences and properties is defined in terms of the semantics of unclocked se-
quences and properties. The following rewrite rules define the transformation of a clocked sequence or
property into an unclocked version that is equivalent for the purposes of defining the satisfaction relation.
In this transformation, it is required that the conditions in event controls not be dependent upon any local
variables.




F.3.1.1 Rewrite rules for sequences

The transformation 7 (.S, ¢) recursively defined below produces a sequence R from a sequence .S and a clock

C:

— T4(b,c)
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= (le[*0:3] ##1lc & D).

v=e),c) = (T*(1,c) ##0 (1, v=¢e)).
),c1) = (T5(r,c2)).

##112),¢) = (T°(r1,¢) ##17°(r2,c)).

##0 ro),c) = (T5(r1,c) ##0 T5(ra,c)).

or r3),¢) = (T*(r1,¢) or T%(ra,c)).

intersect 13),c¢) = (7°(r1,c¢) intersect 7°(rg,c)).

(first match (7)),c) = (firstmatch (7°(r,c))).

),¢) = (T%(r,c)[%01).
[x1:$1),¢) = (T°(r,c)[*1:$])

F.3.1.2 Rewrite rules for properties

The transformation 77 (p, ¢) recursively defined below produces a property P from a property p and a clock

C:

N )

strong (r),c) = (strong(7°%(r,c))).

— TP(weak (r),c) = (weak (7°(r,c))).

TP
TP
TP

2
— TP°((;m
— TP((p1
R

TP P1

(
(
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— TP((not p),c) = (not TP(p,c)).
((r
((
((p
((
((

c1) = TP(p;ca).

(disable iff (b) p),c) = (disable iff (b) 7P(p,c)).

accept_on(b) p),¢) = (accept.on (b) TP(p,c)).

|=> p),c) = (T°(r,c) |—> TP(p,c)).
or p2),c) = (TP(p1,c) or TP(pa,c)).

and py),c) = (T7(p1,c) and T¥(ps,c)).

nexttime p),c¢) = (lc until (¢ and nexttime (lc until (c and 7P(p,c))))).

until py),c) = ((not (¢ and not 7P(p1,c))) until (c and TP(pa,c))).

/1if 1757 pass



F.3.3 Satisfaction without local variables

F.3.3.1 Neutral satisfaction

REPLACE

Neutral satisfaction of properties is defined as follows:

w = (P)iffw E P.

w E Qiff w = @', where @’ is the unclocked property that results from @ by applying the rewrite
rules.

w = not P iff w ¥ P.

w = Riff there exists 0 < j < |w| so that w®’ = R.

w = (R | -> P)iff forevery 0 < j < |w]| so that w7 = R, w’ |= P.
wE (P or P) iffw = Py orw = Ps.

w = (Py and Py) iff w = P, and w = Po.

Remark: Because w is nonempty, it can be proved that w |= not b iff w |=1b.

WITH

Neutral satisfaction of properties is defined as follows:

wE (P) iffw | P.

w = Qiff w = Q- T7(Q, 1)

w k= not Piff w ¥ P.

w = strong (R) iff there exists 0 < j < |w]| so that w®’ = R.

w = weak (R) iff forevery 0 < j < |w|,w’/ T |= strong (R).

w = (R |-> P) iff forevery 0 < j < |w| so that w®’ £ R, w’ = P.
wE (Pror Py) iffw = Pyorw = Ps.

wkE (Prand Py) iffw |E Py and w | Ps.

w E ( nexttime P) iff either |w| = 0 or w! = P.

w = (P until Py) iff either there exists 0 < j < |w]| so that w/ |= P and for every 0 < i <
j,w = Py, orforevery 0 < i < |w|,w" = P.

— w | (accept_on (b) P) iff either /1 if 1757 pass

— w = P,or
— Forsome 0 < i < |w|, w" = band w™~1T¥ = P.
Here, w” ! denotes the empty word.

Remark: Because w is nonempty, it can be proved that w |= not b iff w [=!1b.



F.3.3.3 Vacuity

REPLACE

This subclause defines the relation of non-vacuity, denoted ="°", between a word w and a property P. An
evaluation of P on w is non-vacuous provided w ="°" P.

— Base:
— Let R be a sequence. Then w =" R.
— Induction:

— w "0 (P)iff w "o P
— w E"" R | -> P iff there exists i > 0 such that w® = R and w’ "0 P.
— w E"" P; and Py iff w E"" Py orw "0 P
W "N Py oor Pyiffw =" Py orw =10 Py
— w =N ot Piff w =00 P
— w ="°" disable iff£(D)P iff w E="°" P and one of the following holds:
1. Forevery 0 < i < |wl|,w® |}~ b.

2. For some prefix # < w, we have that for every 0 < i < ||, 2% [~ b,and either z ¥ = P or
2T £ P.

A word w satisfies property P non-vacuously iff w = P and w """ P.

WITH

This subclause defines the relation of non-vacuity, denoted ="°", between a word w and a property P. An
evaluation of P on w is non-vacuous provided w "" P.

— Base:

JR— 4 L_non

non

— w ="°" strong (R).

— w E"" weak (R) .
— Induction:

— w =n (P) iff w =non P,

— w E"" R | -> P iff there exists i > 0 such that w%¢ = R and w®: 2" P.
— w=" Py and P iff w =700 Py orw =10 Py,

— wE™" P, or Pyiffw £"" P or w =" Py

— w "N Py iff Py iff w " Py oorw PN P

— w """ Py implies Py iff w =" Py

— w ™" not Piffw =" P.

— w E"°" nexttime Piff |w| > 0and w!- "0 P.

10



— w ="" Py until P iff there exists 0 < 4 < |w] such that the following holds:
* Either w' =11 Py or w' ="°" P, and
* Forall0 < j <i,w’ =P, and not P.
— w ="" Py s_until Ps iff there exists 0 < ¢ < |w| such that the following holds:
* Either w' =1 P; or w' "1 P, and
« Forall0 < j <i,w’ =P, and not Ps.
— w """ always P iff there exists 0 < ¢ < |w| such that the following holds:
* w' E"O" P and
x Forall0 < j < i,w’ | P.
— w """ always [m : n|P iff there exists m < ¢ < n such that the following holds:
* w' =m0t Pand
x Forallm < j <i,w’ E P.
— w """ s_always [m : n]P iff there exists m < i < n such that the following holds:
* w' "ot Pand
* Forallm < j <i,w’ |=P.
— w """ s_eventually P iff there exists 0 < ¢ < |w]| such that the following holds:
* w' =m0t Pand
x Forall0 < j <i,w’ = not P.
— w E=""  eventually [m:n]P iff there exists m < i < n such that the following holds:
* w' =m0t Pand
x Forallm < j <i,w’ = not P.
— w """ s_eventually [m:n]P iff there exists m < ¢ < n such that the following holds:
% wh E"o" Pand
x Forallm < j <i,w’ = not P.
— w """ disable iff (b)P iff w ="°" P and one of the following holds:
1. Forevery 0 < i < |wl|,w® |}~ b.

2. For some prefix x < of w, we have that for every 0 < i < |z|,2" }£ b,and either v 1“ |= P
orxT¥ £ P.

— w """ accept_on (b) P iff w """ P and one of the following holds:

1. Forevery 0 < i < |wl|,w® |}~ b.

2. For some prefix = of w, we have that for every 0 < i < |z|,2° }~ b,and either zL* = P or
xTY £ P.

— w """ reject_on (b) P iff w """ P and one of the following holds:

1. Forevery 0 < i < |wl|,w® |}~ b.

2. For some prefix = of w, we have that for every 0 < i < |z|,2° [~ b,and either z ¥ = P or
xTY £ P.

A word w satisfies property P non-vacuously iff w |= P and w =" P.

The ="°" relation is not explicitly defined for all the derived operators. For these operators the ="°" relation
is implicitly defined by unrolling their derivation.

11



F.3.6 Satisfaction with local variables

F.3.6.1 Neutral satisfaction

REPLACE

Neutral satisfaction of properties is defined as follows:

w  Qiffw, {} |- Q.

w, Lo E Q iff w, Ly = Q’, where @' is the unclocked property that results from ) by applying the
rewrite rules.

w, Lo |= not P iff @, Lo ¥ P.

w, Lo = Riff there exist 0 < j < |w| and Ly so that w®7, Lo, L; E R.

w,Lo = (R |-> P)iffforevery 0 < j < |w| and L; so that w7, Lo, L; E R,w’, L, |= P.
w, Lo |= (P) iff w, Lo |= P.

w, Lo = (P, or Py)iffw, Lo = P orw, Lo = Po.

w, Lo = (P; and P)iffw, Ly = Py and w, Ly = Ps.

WITH

Neutral satisfaction of properties is defined as follows:

w = Qiffw, {} |- Q.

w7L0 ): Q iff w7L0 ': Q/ TP(Q71)

w, Lonot P iff @, Lo ¥ P.

w, Lo |= strong (R) iff there exist 0 < j < |w| and L; so that w®7, Lo, L1 E R.

w, Ly |= weak (R) iff forevery 0 < j < |w|,w"IT¥ Ly |= strong (R).

w, Lo = (R |-> P) iffforevery 0 < j < |w| and L; so that w7, Ly, L, E R,w’, Ly |= P.
w, Lo = (P) iffw, Ly |= P.

w, Lo = (P or Py) iffw, Lo = Pi orw, Lo = Ps.

w,Lo = (P, and Py) iffw, Lo = Piand w, Lo = P.

w, Lo = ( nexttime P) iff either |w| = 0 or w', Ly = P.

w, Lo = (Py until P) iff either there exists 0 < j < |w| so that w’"*, Ly = P» and for every
0<i<jw, Lok Pp,orforevery 0 <i < |w|,w", Loy = P.

w, Lo = (accept_on (b) P) iff either I if 1757 pass

— w, Ly | P and no letter of w satisfies b, or
— PForsome 0 < i < |w|, w" = band w®*~1T% Ly = P. Here, w” ! denotes the empty word.
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