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Abstract

In this document we extend Proposal A’ for augmenting the formal semantics of PSL with
local variables to all of PSL (issue 67). Proposal A’ provides semantics for PSL without truncated
words, abort and clock operators. In this proposal we augment the entire formal semantics of
PSL (including the above constructs) with local variables. In addition, we add semantics for
procedural blocks (issue 66), for built-in functions that refer to the past (issue 117) and for clock
alignment operators (issue 137).

This document presents the semantics gradually. First it presents the semantics of the base
logic, which is the set of FL formulas that (i) do not use the clock operator (ii) do not refer to
the past (i.e., do not use past built-in functions) and (iii) do not use local variables or procedural
blocks. Then it presents the semantics of the base logic extended with either the clock operator
or references to the past or local variables and procedural blocks. Last it presents the overall
semantics of linear formulas with no restrictions.

Annex B

(normative)

Formal Syntax and Semantics of IEEE Std 1850 Property Specifi-
cation Language (PSL)

This appendix formally describes the syntax and semantics of the temporal layer.

B.1 Typed-text representation of symbols

Table 1 shows the mapping of various symbols used in this definition to the corresponding typed-text
PSL representation, in the different flavors.

NOTE —

For reasons of simplicity, the syntax given herein is more flexible than the one defined by the extended BNF
(given in Annex A). That is, some of the expressions which are legal here are not legal under the BNF
Grammar. Users should use the stricter syntax, as defined by the BNF grammar in Annex A.



Table 1: Typed-text symbols in the SystemVerilog, Verilog, VHDL, SystemC and GDL flavors

SystemVerilog | Verilog | VHDL | SystemC | GDL
— | => | => | => | -> | ->
= [=> |=> |=> |=> [=>
— -> -> -> -> ->
— <> <> <> <> <>
= ! ! not ! !
N && && and && &
Vv Il Il or [l [
. : : to : ..
() (] [1] () () )

B.2 Syntax

The logic PSL is defined with respect to a non-empty finite set of atomic propositions AP, a finite
set of local variables LV with domain D, a given set of (unary and binary) operators OP over the
domain D and a given set of procedural blocks PB with local variables in LV as input parmeters.
We assume that T and F belong to D.

Definition 1 (Expressions and Boolean expressions)
The set E of expressions is defined as follows:

1. Every atomic proposition p € AP is an expression in E.
Every local variable v € LV s an expression in E.
If e is an expression and o a unary operator in OP then oe is an expression in E.

If e1, es are expressions and @ a binary operator in OP then e; ® e is an expression in E.

If e is an expression, ¢ a Boolean expression and n a non-negative integer then prev(e),
prev(e,n) and prev(e,n,c) are expressions in E.

6. If r is a SERE and ¢ a Boolean expression then ended(r) and ended(r,c) are (Boolean) expres-
sions in E.

We refer to an expression whose domain is {T,F} as a Boolean expression and use B to denote the
set of Boolean expressions. We use B 1y to denote the set of Boolean expressions that do not use local
variables. We use B pg to denote the set of Boolean expressions that do not use past expressions (that
is, prev(-), ended(-) and their derivatives as per Section B.4.0). We use B 1y pp to denote the set of
Boolean expressions that do not use local variables or past expressions. We often refer to Boolean
expressions in B iy pp as basic Boolean expressions. Note that we have B C E, By pr C By C B
and B—LV,PE C B, CB

Definition 2 (Sequential Extended Regular Expressions (SERES))

1. Every Boolean expression b € B is a SERE.

2. If b is a Boolean expression in B, ey1,...,e, are expressions in E, and yi,...,y, are local
variables in LV then the following is a SERE:

b, Yr—€1,...,Yn€n



3. If r, r1, and ro are SERESs, ¢ is a Boolean expression in By, and z € LV is a local variable
then the following are SERES:
o {r} oy ;T o iy ory | 7o or; && 1o
o [x0] o 7[4] e r@c o {var(z) r} o {free(z) r}

Definition 3 (Formulas of the Foundation Language (FL formulas))
If ¢ and ¢ are FL formulas, n a non-negative integer, r is a SERE, a,c € B_;, Boolean expressions
over AP, and z € LV is a local variable then the following are FL formulas:

o () o —p e oA o 7! or eri—
o XI[n] ¢ o p Uy ® p@c ® ¢ async_abort a e o sync_abort a o (var(z) p)

Definition 4 (Formulas of the Optional Branching Extension (OBE))

1. Fvery basic Boolean expression b € By vy is an OBE formula.

2. If f, f1, and fo are OBE formulas, then so are the following:

(a) (f)
(b) ~f
(c) firfa
(d) EXf

(e) Elfy U fo
(f) EGf

Definition 5 (PSL Formulas)

1. Every FL formula is a PSL formula.
2. Every OBE formula is a PSL formula.

In Section B.4, we show additional operators which provide syntactic sugaring to the ones above.

B.3 Semantics

The semantics of PSL formulas are defined with respect to a model. A model is a quintuple
(S, S0, R, AP, L), where S is a finite set of states, Sy C S is a set of initial states, R C S x S
is the transition relation, AP is a non-empty set of atomic propositions, and L is the valuation, a
function L : § — 24P mapping each state with a set of atomic propositions valid in that state.

A path 7 is a possibly empty finite (or infinite) sequence of states # = (mg, w1, 72, -+, m,) (or
m = (mp, ™, T2, ). A computation path m of a model M is a non-empty finite (or infinite) path
7 such that mp € Sy and for every ¢ < n, R(m;,mi+1) and for no s, R(m,,s) (or such that for
every 4, R(m;, mi+1)). Given a finite (or infinite) path 7, we overload L, to denote the extension of
the valuation function L from states to paths as follows: L(w) = L(mg)L(m) ... L(m,) (or L(m) =
L(mo)L(m1) ... ). Thus we have a mapping from states in M to letters of 24 and from finite (or
infinite) paths in M to finite (or infinite) words over 247,

Let v be an empty/finite/infinite word over some alphabet. We denote the length of word v as
|v|. A finite non-empty word v = (£pl1€s - - - £,,) has length n + 1, the (finite) empty word v = € has
length 0, and an infinite word has length co. We use i, j, and k£ to denote non-negative integers.
We denote the i letter of v by v~! (since counting of letters starts at zero). We denote by v
the suffix of v starting at v’. That is, for every i < |[v], v = vivitl... 9" or v¥ = viitl.... We
denote by v the finite sequence of letters starting from v* and ending in v/. That is, for j > i,
vid =iyt 9d and for j < i, v'7 = €. We use £ to denote an infinite-length word, each letter
of which is /.



B.3.1 Semantics of FL formulas

This document presents the semantics of FL formulas gradually. First it presents the semantics of
the base logic, which is the set of FL formulas that (i) do not use the clock operator (ii) do not refer
to the past (i.e., do not use prev(:) or ended(-)) and (iii) do not use local variables or procedural
blocks. Then it presents the semantics of the base logic extended with either the clock operator or
references to the past or local variables and procedural blocks. Last it presents the overall semantics
of FL formulas.

B.3.1.1 Semantics of the Base Logic

In this section we provide semantics of FL formulas that (i) do not use the clock operator (ii) do
not refer to the past and (iii) do not use local variables or procedural blocks, which we refer to as
the base semantics.

Let AP be a set of atomic propositions and let ¥ be the set of all possible assignments of the
atomic propositions AP (i.e. ¥ = 24F). Let ¥ denote the alphabet X U {T, L}.

In the sequel we use u, v, w to denote words over S and o to denote a letter in 3.

Given a letter o in 3 we use & to denote the dual of o which is L if o is T,is Tif o is | and is
o otherwise. We use T to denote the obvious extension of the definition of dual to words.

B.3.1.1.0 Base Semantics of Expressions

The semantics of FL formulas is defined inductively, using as the base case the semantics of ex-
pressions. In the case of the base semantics, we neglect local variables, and the built-in functions
ended(-) and prev(-). Thus we have only basic Boolean expressions (B pg) to consider. We view
a basic Boolean expression b € B_y pr as a mapping b : PIREN {T,F}. Thus, b(c) denotes the value of
b under o € 3.

Let 0 € ¥. When b is an atomic proposition, say b is p for some p € AP, then p(o) is equivalent
to p € 0. We define true and false to be the basic Boolean expressions that map every o € ¥ to T
and F, respectively. We assume that operators are closed under {T,F} and that they behave in the
usual manner over letters in the alphabet X, i.e. that for o € X, b,b1,bs € B[y pi, a binary operator
® and a unary operator o we have by (o) ® ba(0) = (b1 ® b2)(0) and o(b(c)) = (ob)(c). In particular
we assume that Boolean disjunction, conjunction and negation behave in the usual manner.

Regarding the letters T and 1, we assume that any basic Boolean expression b is evaluated to T
on (T) and to F on (L). That is b(T) = T and b(_L) = F for any basic Boolean expression b. Note
that in particular we have true(T) = false(T) = T and true(L) = false(L) = F.

B.3.1.1.1 Base Semantics of SEREs

The notation v = r, where r is a base SERE and v a finite word means that v models tightly r. The
semantics of base SEREs are defined as follows, where b denotes a basic Boolean expression in B_jy pg,
and r, r1, and ro denote base SERES:

—_

vE{rt=vE"r

v Eb+ |v]=1and b(x°)=T

[\

3. vET ; re < Jui,ve s.t. v =109, v1 Ery, and ve E ro

4. v E 1t rg <= Juy,v9, and o s.t. v = V10V, V10 E r1, and ove E ro

o

VEr |rm<=vErorvE™

&

vE™M && ro<=vEr andv Erg



7.

8.

vE[K]<=v=c¢

v E r[%] <= either v E [*0] or vy, v s.t. v1 # €, v =103, v1 E 7 and vy E 7[¥]

B.3.1.1.2 Base Semantics of FL Formulas

Let v be a possibly empty finite or infinite word over f], a be a basic Boolean expression in B_jy pg,

r a base SERE, ¢, FL formulas, and n a non-negative integer. The notations v |= ¢ means that v
models (or satisfies) p.

1.

2.

3.

b

6.

7.

8.

9.

10.

vE(p) =vEyp
VEDp =T Hp
vEEAY <= v E=pand v =1

v e 3j < |v] st 0% Er

v Er eV < ), 0TI TY =l

VT o=V < |v] st 70T Er v =g
v E=Xn] ¢ <= |v| >nand v g

vEeU Y= Tk < |v]st. o" E1, and Vj < k, vI g

v |= ¢ async_abort a <= either v = ¢ or 35 < |v| s.t. a(v?)=T and v* I~ 1T ¢

v = @ sync_abort a <= v |= ¢ async_abort a

NOTES —

1.

The semantics given here for the LTL operators and the abort operators is equivalent to the truncated

semantics given in [B1] which is interpreted over 27 rather than over 28 U{T, L}. Using =, for the
semantics in [B1] the following proposition states the equivalence: Let w be a finite word over 2F and
let ¢ be a formula of LTL"*"¢. Then, as shown in [B5], the three following equivalences hold:

WEe p = wT E ¢
wWEep<=wlEQp
w|:+.<p<:>wJ_“ Eoe

Using |=. as in Note 1 above, we use holds strongly for |:+. , holds for ., and holds weakly for

. . The remaining terminology of Section 4.4.6 is formally defined as follows:
e ¢ is pending on word w iff w |Fe ¢ and w FHep
e ¢ fails on word w iff w HZ.QO

There is a subtle difference between Boolean negation and formula negation. For instance, consider
the formula —b. If — is Boolean negation, then —b holds on an empty path. If = is formula negation,
then —b does not hold on an empty path. Rather than introduce distinct operators for Boolean and
formula negation, we instead adopt the convention that negation applied to a Boolean expression is
Boolean negation. This does not restrict expressivity, as formula negation of b can be expressed as

{-b}!.
A justification of why the semantics of a weak SERE (e.g., r) is the appropriate definition given the
semantics of a strong SERE (e.g. 7!) can be found in [B6].



B.3.1.1.3 Base Semantics With Respect to a Model

Let ¢ be an FL formula and M a model. The notation M |= ¢ means that for all = such that = is
computation path of M, L(7) = ¢.

B.3.1.2 Semantics with Clocks

In this section we provide semantics of the base logic augmented with the clock operator, which we
refer to as the clocked semantics. We use the same alphabet and notation as in the base semantics,
and in addition we define a clock tick as follows.

Let ¢ be a basic Boolean expression in By pz. We say that finite word v is a clock tick of c,
denoted tick.(v), if || > 0 and ¢(v/*!=1)=T and for every non-negative integer i < |v| — 1, c(v*)=F
(where ¢(-) refers to the base semantics of expressions). For an integer m > 0 we say that finite
word v is m clock ticks of ¢, denoted ticks.(v,m), if there exist m words vy, vs,..., v, such that
v =109 - - - Uy, and for every 1 < i < m we have tick.(v;).

B.3.1.2.0 Clocked Semantics of Expressions

The clocked semantics of expressions are the same as the base semantics of expressions.

B.3.1.2.1 Clocked Semantics of SEREs

The notation v |E° r, where r is a SERE, c is a basic Boolean expression in B_;y pr and v a finite word,
means that v models tightly 7 in the context of clock ¢. The semantics of clocked SEREs are defined
as follows, where b, ¢, and ¢; denote basic Boolean expressions in By pg, and r, 71, and r2 denote
clocked SEREs:

LoE{{r}<=vEr

2. v E b <= tick.(v) and b(vI*I=1)=T

(] (&) C
3. vET; re <= Ju1,v s.b. v =w102, v1 E Ty, and vg E Ty

[&] C (]
4. v Ery i rg < Juy,v9, and 0 s.b. v = v10Vg, V10 E 71, and ove E 19
= C C C
5 vEM |[re<=vErorvE™M

C [ [
6. vEr && ra<=vEm andv Er

T vEM] = v=c¢

®

v E r[*] <= either v E [*0] or Juy, vy s.t. vy # €, v = V109, v; E 7 and vy [ 7[¥]

9. v ErQc <= v ETr

B.3.1.2.2 Clocked Semantics of FL Formulas

The semantics of clocked formulas is defined with respect to possibly empty finite/infinite words
over 3 and a basic Boolean expression ¢ in By pr which serves as the clock context. Let v be a
possibly empty finite or infinite word, a, ¢, c; basic Boolean expressions in B_y pg, 7 a clocked SERE,
¢, clocked formulas, and n a non-negative integer. The notation v = ¢ means that v models ¢ in
the context of clock c.

LoE((@<=vEyp



2. vE =Ty
3. vEpAY <= vEpandv Ey

4. v Erl e 35 <|v| st 009 Er

e

5. v Er<=Vj<|v], "I TY Erl

6. vETI— @ == V)< v st 0T Er vl Eo

e

7. v EXIn] ¢ <= 3j < |v] s.t. ticks.(v"7 n+ 1) and v7 E @

e

co

v Ep Uy <= 3k < |v] s.t. c(vF)=T, vF E 4, and V] < k s.t. c(v))=T, vi E

9. v }:C Qci <— v |2 ©

10. v = ¢ async_abort a <= either v = ¢ or 3j < |v| s.t. a(v/)=T and v*7 1T« E

11. v £ ¢ sync_abort a <= either v £ ¢ or 3j < |v] s.t. (a Ac)(v?)=T and 0¥ 771 T« E

NOTES —

1. The clocked semantics for the LTL subset follows the clocks paper [B2], with the exception that strength
is applied at the SERE level rather than at the propositional level.

2. The operator obtained by instantiating X![n] with zero can be seen as an alignment operator, whose
introduction is of both practical and theoretical importance [B7].

B.3.1.2.3 Clocked Semantics With Respect to a Model

Let ¢ be an FL formula and M a model. The notation M |= ¢ means that for all = such that 7 is
computation path of M, L(r) F"%.

B.3.1.3 Semantics with Past

In this section we provide semantics of the base logic augmented with past expressions, which we
refer to as the past augmented semantics. We use the same alphabet and notation as in the base
logic. We use the definition of clock ticks as in the clocked semantics.

B.3.1.3.0 Past Augmented Semantics of Expressions

In the case of the past augmented semantics, we do not have local variables. Thus we have only
Boolean expressions over AP (B_y) to consider.

The semantics of Boolean expressions over AP maps non-empty words over S to the domain
{T,F}. The last letter of the word represents the present, while the remainder of the word (without
the last letter) represents the past. Let u and o be a finite word and a letter over f], respectively.
The semantics of Boolean expressions over AP (that may refer to the past) overloads the notation
b(-) defined in the base semantics as follows (where b(c) below refers to the base semantics of
expressions).

Let ¢ be a basic Boolean expression in B ,. We say that finite word v with past w is a past
clock tick of ¢, denoted past_tick.(u - v), if [v| > 0 and c(uv®)=T and for every non-negative integer
0 < i< |v], c(uw®*)=F (where c(-) refers to the base semantics of expressions). For an integer
m > 0 we say that finite word v with past u is m past clock ticks of ¢, denoted past_ticks.(u - v,m),
if there exist m words vy, vs, ..., v, such that v = vyvs---v,, and for every 1 < i < m we have
past_tick.(uvy ... v;—1 - v;).



e If b € B_jy pp is a basic Boolean expression then b(uo) = b(o).
e If r is a SERE and ¢ € B | is a Boolean expression then

T iff Juq, us such that u = ujug and uy - ugo Er  if c=true
ended(R¢(r))(uo) otherwise

— ended(r)(uo) = ended(r, true)(uo)

— ended(r, c)(uc) = {

e If b,c € B |, are Boolean expressions then

e(u®?) if 3i < |u| such that past_ticks.(u® =1 - u'v=1 n 4 1)
undefined otherwise.

— prev(b,n,c)(u) = {

— prev(b,n)(u) = prev(b,n, true)(u)
— prev(b)(u) = prev(b, 1, true)(u)

where R¢(-) is defined in Section B.5.

Note that prev(e,n,c)(u) (as well as its derivatives as given in Section B.4.0) is undefined when
u does not contain n + 1 letters on which ¢ holds.

B.3.1.3.1 Past Augmented Semantics of SEREs

The notation u - v E r, where r is a past augmented SERE and u,v are finite words means that v
models tightly r given that the past is u. The semantics of past augmented SEREs are defined as
follows, where b denotes a Boolean expression in B |y, and 7, r1, and r2 denote past augmented
SERES:

LuvE{rt<uvEr

2. u-v Eb<+= |v] =1 and b(uv®)

3. u-vET ; rg <= Fu1,v2 8.t. v =003, w-v; Ery, and wvy vy E o

4. u-v ET : rg <= Ju1,v2, and 0 s.t. v = viove, u-vio E Ty, and uvy - ove E
5. u-vE™M|re<E=su-vEM or u-vET

6. u-vE™M & <= u-vE"r and u-v E™

7. u-v E[X0] <= v=c¢

8. u-v E r[x] <= either u-v E [*0] or Juy, vy s.t. v1 # €, v =v1ve, u-vy Er and wvy-vy E r[¥]

B.3.1.3.2 Past Augmented Semantics of FL Formulas
Let v be a possibly empty finite or infinite word over f), a be a Boolean expression in B [, 7 a

past augmented SERE, ¢, past augmented formulas, and n a non-negative integer. The notation
u - v = ¢ means that v models ¢ given that the past is u.

LuvkE@p <<uvEp
2. uvEp<=u-THye
b uvEFeAYp<E=u-viEpandu-v EY

4o u-v Erl e Jj<|v]st.ou-0%I Er



5. u-vEreVi<|v,u-0%ITY 7!

6. u-vET o= VYj<|v|st. w0 Er, w0l Ep

7. u-v EXn] ¢ <= |v| > n and w10 =

8. u-vEp Uy Ik <|vst. uwwF 1. ok =y and Vj < k, w71 i =

9. u-v = async_abort a <= either u-v E¢ or 3j < |v| s.t. a(uwv®7)=T and u-v*I71TY =

10. u-v = sync_abort a <= u - v = async_abort a

B.3.1.3.3 Past Augmented Semantics With Respect to a Model

Let ¢ be a past augmented formula and M a model. The notation M = ¢ means that for all 7 such
that 7 is computation path of M, e L(n) |= .

B.3.1.4 Semantics with Local Variables

In this section we provide semantics of the base logic augmented with local variables and procedural
blocks, which we refer to as the LVA semantics.

Let AP be a set of atomic propositions and LV a set of local variables with finite domain D.
Let X be the set of all possible assignments of the atomic propositions AP (i.e. ¥ = 24F) and I the
set of all possible valuations of the local variables LV (i.e. I' = D*V). Let A denote the alphabet
Y xI'xT. Let i T and A denote the alphabets SU{T, L}, TU{T, L} and AU{T, L}, respectively,
where T, L abbreviate (T, T, T) and (L, L, 1), respectively.

In the sequel we use u, v, w to denote words over S and u,v,w to denote words over A. We use
o and a to denote a letter in 3 and A, respectively.

Given a letter o in & (or v in T') we use @ () to denote the dual of o (v) which is L if o ()
is T,is T if o () is L and is o (y) otherwise. The definition of @ for a € A is similar, replacing T
with I and vice versa. We use ¥ and ¥ to denote the obvious extensions of the definition of dual to
words.

Let v = (00,7%,70)(01,71,71) - -- be a word over A. We use v|,,v|y,v|, to denote the word
obtained from v by leaving only the first, second or third component, respectively. That is v|, =
0001+, V|4 =071+ -+ and v]» = (y] - - . The intuitive roles of the components of a letter are as
follows. The first component of a letter a (i.e. a|,) holds the valuation of the atomic propositions at
the given cycle. The second component of a letter a (i.e. al,) holds the current values of the local
variables at the given cycle (the pre-value). The third component of a letter a (i.e. al,/) holds the
values of the local variables after the assignments have taken place (the post-value).

We say that v is good if for every ¢ € {0..Jv| — 2} we have that either v, 41 € {T, L} or 41 =7},
that is, the pre-value of the local variables at letter i + 1 is the same as the post-value of letter ¢
(i.e. is the result of the assignments that took place on letter 7).

B.3.1.4.0 LVA Semantics of Expressions

The semantics of FL formulas is defined inductively, using as the base case the semantics of expres-
sions. In the case of the LVA semantics, we do not have the built-in functions ended(-) and prev(-).
We view an expression e € E over APULV as amapping e : ExTU{(T, T), (L, L)} — D where D is
the domain of variables in LV. Thus, e(c,~) denotes the value of expression e under o € SU{T, L}
and v € TU{T, L}. For an extended letter a over A we use e(a) to abbreviate e(als,aly). We first
discuss the case where a € A (that is 0 € 3 and v € T'), then address the cases where a € {T, L}
(that is, (0,7) € {(T, T), (L, L)}).



Let 0 € ¥ and v € I'. When e is an atomic proposition, say e is p for some p € AP, then p(o,~)
is equivalent to p € 0. When e is a local variable, say e is z for some z € LV, then z(o,7) is the
value given to z by +. For an atomic proposition p, we abuse the notation by writing p(c) rather
than p(o,~). For a local variable z, we abuse the notation by writing z(v) rather than z(o, 7).

We assume T and F are in D. We define true and false to be the Boolean expressions that map
every pair (o,7) where o € ¥ and v € T to T and F, respectively.

We assume that operators are closed under D and that they behave in the usual manner,
i.e. that for o € X, v € T, e,e1,e5 € E, a binary operator ® and a unary operator o we have
e1(0,7) ® ea(o,v7) = (e1 ® e2)(o,7v) and o(e(o,7v)) = (ce)(o,7). In particular we assume that
Boolean disjunction, conjunction and negation behave in the usual manner.

Regarding the letters T and L, we assume any expression e is evaluated to T on (T, T) and to
Fon (L,1). That is e(T,T) = T and e(L, 1) = F for any expression e. Note that in particular
we have true(T,T) = false(T,T) = T and true(L, L) = false(L, 1) = F, and furthermore, even
non-Boolean expressions are mapped to T and F from (T, T) and (L, 1), respectively.

B.3.1.4.1 LVA Semantics of SEREs

The notation v Ez r, where r is an LVA SERE, v a finite word and Z a set of local variables means
that v models tightly = under the set of controlled variables Z. The semantics of LVA SEREs are
defined as follows, where b denotes a Boolean expression in B_pg, and r, 71, and 72 denote LVA SERES,

z a local variable, e, eq, ..., e, expressions over LV U AP, o0 € ¥ and v € T.
For a set of local variables ¥ = {y1,...,yn}t , we denote by (()) a sequence of assignments
Yy1<—€1, ... , Yn—e, to the variables in Y, and define the valuation [((})](c,7) recursively as

follows. The base of the definition [z+—e](o,) is the valuation ¥ such that z(%) = e(o,v) and
for every local variable y € LV \ {z} we have y(3) = y(v). In the step of the definition we have

[z=€,C(V)](0,7) = [C(V)](0,7) where 7 = [z¢](, 7).

Let v1,72 € [ and Z C LV. We say that ; agrees with , relative to Z, denoted v, ~ 7s, if for
every z € Z we have z(v1) = z(72).

lLvE: {r}<=vE:r

2. v E; b<= |v| =1 and b(v*)=T and v°|,, < v,

©w

v 2 b, (V) = [vl = 1 and bu®)=r and w7, *” [¢(2)|(v)

4. v Ez 11 ; 79 < v, vq such that v = vive, vi Ez 11, and vy Ez 1

5. v [Ez 71 & rg <= Jvi, Vv, a, 7 such that v = viave, vi(als,aly, ¥) E=z 1 and (als, 7, aly)ve Ez ro
6. vEzT |re<=vEzr or vE;mr

T.vE:zrm && ro<—=vE;:r andv E;z ro

8. vE: [0 <= v=c¢

9. v Ez r[*] <= either v = € or Jvy, vy such that v; # €, v=viva, vi Ez 7 and vo Ez r[¥]

10. vE:z {var(z) r} <= vEz,n T

1

—_

v Ez {free(z) rl <= v Ez, 7
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B.3.1.4.2 LVA Semantics of FL Formulas

Let w be a possibly empty finite or infinite word over f), a a basic Boolean expression in B_jy pg,

7 an LVA SERE, ,1 LVA formulas, and n a non-negative integer. Let v € T be a valuation of the
local variables and Z C LV a set of local variables. The notation (w,y)Ez ¢ means that the word
w satisfies ¢ under the set of local variables Z with the current valuation of variables ~.

Let w be a word over EA], ~ an element of T and Z a set of local variables. We say that a word
w over A enhances (w,v) iff w is good, w|, = w, and if w) ¢ {T, L} then w’], = ~.

L (w, 7=z (p) = (w, 7)== ¢

2. (w, )z e = @,7) He ¢

3. (W, M)z ¢ AP = (w,7)Fz ¢ and (w, 7)== ¢

4. (w, )z r! <= Jw that enhances (w,v) and 3j < |w| such that w7 =, r

5. (w, )z 7= V) < Jw|, ("I T, ) 7!

6. (w,7)= 7 — ¢ <= Vw that enhances (w,v) and Vj < |wl|: if w7 =2 7 then (wi, wi|,/ )= ¢
7. (w, vz X![n] ¢ <= |w| > n and (W™, Y)E: ¢

8. (w,y)Ez ¢ U ¢ < Ik < |w| such that (wk y)= ¢ and Vj < k, (wi, 7)) ¢

9. (w, )=z ¢ async_abort a <= either (w,v)=. por 3j < |w|s.t. a(w’)=T and (w1 T ~)=,
10. (w,y)E=z ¢ sync_abort a <= (w,y)E=z ¢ async_abort a

1. (w, = (var(z) ) <= (W, N0 ¢

B.3.1.4.3 LVA Semantics With Respect to a Model

Let ¢ be an LvA formula and M a model. The notation M = ¢ means that for all = such that 7 is
computation path of M, L(7) & ¢.

B.3.1.5 Semantics with Everything

In this section we provide semantics of FL formulas. We use the same alphabet and notation as in
the LvA semantics, and in addition we define a clock tick as follows.

Let ¢ be a Boolean expression in B ;. We say that finite word v with past u is a clock tick of
¢, denoted tick.(u - v), if lv| > 0 and c¢(uv®*/=1)=T and for every non-negative integer i < |v| — 1,
c(uv’¥)=F. For an integer m > 0 we say that finite word v with past u is m clock ticks of c,
denoted ticks.(u-v,m), if there exist m words vi,vs,...,v,, such that v = vyvs---v,, and for
every 1 <i < m we have tick.(uvy - v;_1 - v;).

We say that finite word v with past u is a past clock tick of ¢, denoted past_tick.(u - v), if |v| > 0
and c(uv")=T and for every non-negative integer 0 < i < |v|, c(uv®*)=F (where c(-) refers to the
base semantics of expressions). For an integer m > 0 we say that finite word v with past u is m
past clock ticks of ¢, denoted past_ticks.(u - v, m), if there exist m words vi,va,..., v, such that
V = wv1vs vy, and for every 1 < i < m we have past_tick.(uvy -+ - v;_1 - v;).

B.3.1.5.0 Semantics of Expressions

The semantics of expressions (that may refer to the past) over APU LV maps non-empty words over
A and a clock context to the domain D of local variables. Let u and a be a finite word and a letter
over A, respectively. Let ¢ be a boolean expression in B |,. The semantics of expression e under
clock context ¢, denoted e.(-), is defined as follows (where e(a) below refers to the LvVA semantics of
expressions).

1 1



e If e € E is an expression without prev(-) or ended(-) then e.(ua) = e(a)

e If r is a SERE and ¢, ¢; are Boolean expressions then

— ended.(r, c1)(ua)=T iff there exist uy, uy such that u = ujus and u; - usa E@ r
— ended.(r)(ua) = ended.(r, c)(ua)

e If e is an expression and ¢, ¢c; Boolean expressions then

0.4y i3 , 0ie1 . iful—1
~ preve(e,n, c1)(u) = { ec, (W) if 3i < |u| such that past_ticks., (u u ,n+1)

undefined otherwise.
— preve(e,n)(u) = prev.(e,n, c)(u)
— preve(e)(u) = prevg(e, 1, ¢)(u)

Note that prev(e,n,c)(u) (as well as its derivatives as given in Section B.4.0) is undefined when
u does not contain n + 1 letters on which ¢ holds.

B.3.1.5.1 Semantics of SEREs

Let r be a SERE, u, v finite words over JAX, Z C LV aset of local variables and ¢ a Boolean expression
in B ;y. The notation u - v |§ =z r means that v models tightly r» under the set of controlled variables
Z and clock context ¢ assuming the past is u. The semantics of SEREs are defined as follows, where
b denotes a Boolean expression in B, ¢,c; denote Boolean expressions in By, and r, r1, and r
denote SEREs.

For a set of local variables Y = {y1,...,yn}, we denote by (()) a sequence of assignments
Y€1, ... , Yn—e, to the variables in Y, and define the valuation [((})].(ua) recursively as
follows. The base of the definition [z<e].(ua) is the valuation 4 such that z(§) = e.(ua) and for
every local variable y € LV \ {z} we have y(3) = y(aly). In the step of the definition we have

[z=¢,C(V)]e(ua) = [((V)]e(u(als, 7, aly)) where § = [z¢—¢].(ua).

Let v1,72 € T and Z C LV. We say that v, agrees with 5 relative to Z, denoted v, Z va, if for
every z € Z we have z(v1) = z(72).

LuvE.{rl<suvE.r

2. u-vE; b=
tick.(u - v) and b.(uv)=T and Vi < |v| we have vi|,, < vi|,

3. u-v EL b, () =

tick.(u - v) and b.(uv)=T and Vi < |v — 1| we have v’|,,~v’|, and vI*I=1|,, “<Y[¢(V)].(uv)

C
4 u-vEzmr; rn<

C C
v, va such that v = vive, u- vy Ez 11, and uvy - vy Ez 1o

5. u-vléZm:m{:)

3v1, vo, @, ¥ such that v =wviavs, u-vi(als,al,, ) E. 7 and uv; - (@les 7, aly)va E.r
6. U~\/é27’1|7"2<:>
u-vE.r or u-vE;m

7. U-vézrl && ro —

u-v ézrl and u - v %ng

8. u-v E; [+0] <=
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9.

10.

11.

12.

u-v E, ¥ <=

either v = € or Jvi, vy such that vi # €, v=vivo, u- vy ég r and uvy - Vo |§Z (%]
U-Vézr@q(:}u-vgzr

u-v E; {var(z) r} <=

U-vEzo@mrT

u-v E; {free(z) r} <=

c

"V éZ\{z} r

B.3.1.5.2 Semantics of FL Formulas

Let u be a possibly empty finite word over /A\, w a possibly empty finite or infinite word over i], ba
Boolean expression in B, a, ¢, ¢; Boolean expressions in By, r a SERE, ¢,9 FL formulas, and n a
non-negative integer. Let v € I and Z C LV a set of local variables. The notation u - (w, ") Iéz %)
means that the word w satisfies ¢ under the set of local variables Z with the current valuation of
variables v given the past is u and the clock context is c.

_ Let wbe aword over f], ~ an element of T and Z a set of local variables. We say that a word w over
A enhances (w,) iff w is good, w|, = w, and if w) ¢ {T, L} then w°|, = v. We use (w, ) to denote
the word enhancing (w,~) such that for every j < |w| we have (w,v)7|, = (w,v)|,, € {7, T, L}.

1.

2.

10.

11.

u - (w,7)

u- (w, M @ =

- (w,7) He ¢

u- (W, M gAY =

u- (w7 ¢ and u - (w, ) ¥
u - (w, V) ! =

Jw that enhances (w,~) and 3j < |w| such that u- w7 E_ r

u-(w,)E r e
Vi <|w], u- (Wi T, y)Es !

u- (W, s e =

Vw that enhances (w, ) and Vj < |w|: if T+ W7 E. r then uw®7 =1 (wi wi|, ) ¢

cu (w, )z XIn] ¢ <=

3j < |wl s.t. ticks.(u- (w,v)* 7 n+1) and u{w, )%= (wi- 5) )éz ®

Cu-(w s e Uy =

3k < |w| such that c(u(w,¥)**F)=1 and u(w,y)**=1 . (wk y)E; ¢ and Vj < k such that
c(uw,7)"7)=T we have u(w,7)*7~" - (wi,y)Ez ¢

Cu-{w, ) s pQc) =

u- <w57>'22 ¥
u- (w,v)E: ¢ async_abort a <=
either u - (w,y)Ez ¢ or 3j < |w| s.t. ac(ufw,v)?)=T and u - (W*I =1 T ), ¢

u- (w,v)E: ¢ sync_abort a <=
either u - (w,y)Ez ¢ or 3j < |w| s.t. (a A c)e(uw,v)?)=T and u - (W*I~1T ). @
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12. u- (w,y)Ez: (var(z) p) <=
u- <U),’Y> Czu{z} 2

B.3.1.5.3 Semantics With Respect to a Model

Let ¢ be an FL formula and M a model. The notation M |= ¢ means that for all = such that 7 is

true

computation path of M, and for all v € T we have ¢ (L(7),7) F ¢ ¢

B.3.2 Semantics of OBE formulas

The semantics of OBE formulas are defined over states in the model, rather than finite or infinite
words. Let f be an OBE formula, M = (S, Sy, R, P, L) a model and s € S a state of the model. The
notation M, s = f means that f holds in state s of model M. The notation M = f is equivalent to
Vs € So: M,s = f. In other words, f is valid for every initial state of M.

The semantics of OBE formulas are defined inductively, using as the base case the semantics
of Boolean expressions over letters in 2F. The semantics of Boolean expression is assumed to be
given as a relation I C 2F x B_vpe relating letters in 27 with Boolean expressions in B re-

If (¢,b) € I we say that the letter ¢ satisfies the Boolean expression b and denote it £IF b. We
assume that the Boolean relation I behaves in the usual manner. In particular, that for every
letter ¢ € 2P, atomic proposition p € P and Boolean expressions b, by, by € B iy pi (i) ¢l p iff p € £,
(ii) LI =b iff 21 b, (iii) £IE by A by iff £IE by and £IE by, and (iv) £IE true and (I false.

The semantics of an OBE formula are those of standard CTL. The semantics are defined as
follows, where b denotes a Boolean expression and f, f1, and fo denote OBE formulas.

1. M,s =b<= L(s) [Fb

2. M;s = (f) == M,s = f

3. MysE—f< M,slf

4 M,sl=fiAfo = M,s|= f, and M, s = f»

5. M,s | EX f <= there exists a computation path = of M such that || > 1, mp = s, and
M,m = f

6. M,s = E[f1 U f3] <= there exists a computation path 7 of M such that 7o = s and there
exists k < |w| such that M, = fo and for every j such that j < k: M,7; = fi

7. M,s |E EG f <= there exists a computation path m of M such that 7y = s and for every j
such that 0 < j < |m|: M, 7 = f

B.4 Syntactic Sugaring
The remainder of the temporal layer is syntactic sugar. In other words, it does not add expressive

power, and every piece of syntactic sugar can be defined in terms of the basic operators presented
above. The syntactic sugar is defined below.

NOTE —
The definitions given here do not necessarily represent the most efficient implementation. In some cases,
there is an equivalent syntactic sugaring, or a direct implementation, that is more efficient.
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B.4.1 Additional Boolean expressions

Let b € B and e € E. Then additional Boolean operators can be viewed as abbreviations of the basic
Boolean operators given in Definition 1, as follows:

e rose(b) o —prev(b) A b

e rose(b,c) et —prev(b,c) AbAc
o fell(b) ' prev(b) A—b

e fell(b,c) 2 prev(b,c) A—bAc
e stable(e) Lef prev(e) =e

e stable(e,c) def prev(e,c) =eAc

B.4.2 Additional SEREs

We regard a procedural block as mechanism for both calculating a set of expressions and assigning
them to a set of local variables which are given to the procedural block as inputs. Formally,

e f(z1,...,2,) where f is a procedural block and z1, ..., 2, are a local variables is interpreted
as an abbreviation to the sequence of assignments zi<—ey,, ..., z,<ey, Where ef,,... ey, are
expressions corresponding to intermediate calculations of f.

B.4.3 Additional SERE operators

Let 4, 7, k, and | be integer constants such that ¢ > 0, 7 > ¢, k > 1, [ > k. Then additional
SERE operators can be viewed as abbreviations of the basic SERE operators given in Definition 2,
as follows, where b denotes a boolean expression, and r denotes a SERE.

o r[+] € rirfy

o r[x0] % [x0]

o rlxi.j] = rld] | ... | r[xj]
o rlxi.] Y rlxi];r[+]

o rlx.i] X r[x0] | ... | r[*i]
o r[x.] & r[x0.]

o [+] def true[+]

o [] € truefx]

o [xi] % true[xi]

o [xi.j] € truefxi..j]
o [¥i.] = true[si.]

o [*..1] e true[x..q]

1 ™~



o [x.] % true[x.]

o b[=1i] = {=b[s];b}[xal; —bl+]

o bj=1i.j] & b[=i]|..|b]=]
o bj=i.] ¥ bj=i];[+]

o b[=i] = b[=0]]..|b[=1]
o b=.] = b[=0.]

o b[=] = —bfib

o b[— k] = {-b[x];b}[*k]

def

o b= k] & b= k]| .. | b= 1]
o bl k. bl k] | {b[— kJ; [+];b}
o b[— .k & b[—1]| ... |0 K

o bj— ] ¥ b= 1]

e skip def {free(LV') true}
o riders ©{ {risskipl} &k ra } | {r & {ro;skipli]} }
o r1 within ry < {[*]; m1; [¥]} && {ra} Check it now that we have local variables free etc.

{var(z—e) r} % {var(z) {{true,z — e} : 7} | {[*0] && r}}

B.4.4 Additional FL operators

Let 4,7,k and [ are integers such that ¢ > 0, j >4, £ > 0 and [ > k. Then additional FL operators
can be viewed as abbreviations of the basic operators given in Definition 3, as follows, where b
denotes a boolean expression, 7, r1, and ro denote SERESs, and ¢, ¢1, and ¢ denote FL formulas.

def

e p1 Vi = (1 A 2)
def

.gOl—>()02 = —\()01\/@2

def
o 1 =2 = (p1 = 2) A(p2 = ¢1)

e Fp ' true U ®
o G(p déf _‘F_\QO

def
e o1 W2 = (p1Uwp2)VGpy
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always ¢ e

never ¢ ef G —p
next! ¢ et X ©
next ¢ def x %

eventually! ¢ def Fe

. def
o1 untill o = o1 U oo
) def
o1 until pa = o1 W @y
. def
pruntill_ s = @1 U (o1 A p2)

. def
o1 until_ py = o1 W (1 A p2)

def

@1 before! o = (—p2) U (@1 A —p2)
ef

1 before o = (mp2) W (01 A —p2)
def

@1 before!l_ vy = (—p2) U oy

def
p1 before- ps = (—p2) W 1

next![i] ¢ def XI[i] ¢

nextli] ¢ = X[i] ¢

def

next_alli..jle = (X![ilp) A... A (X[F]p)
def

next_ali..jlo = (X[i]e) A...A(X[j]e)

next_elli..jlp def (X!i]p) V... vV (X1[F]e)

neat_eli.jle < (X[i]e) V...V (X[j]¢)
next_event!(b)(y) Lf (D) UbAyp

next_event(b)(p) of (=b) W (b A @)

k—1 times

next_event!(b)[k](v) Lef next_event!(b) (X! next_event!(d)...(X! next_event!(b)(p))...)

k—1 times

next_event(b)[k](¥) e next_event(b) (Xnext_event(b)...(Xnext_event(b)(y))...)

next_event_al(b)[k..l](v) et next_event!(b)[k](¢) A ... A next_event!(b)[1](v)

next_event_a(b)[k..l](¢) ot next_event(b)[k](p) A ... A next_event(b)[l](¥)

next_event_el(b)[k..1](y) def next_event!(b)[k](¢) V ... V next_event!(b)[1](v)
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e next_event_e(b)[k..l](p) & next_event(b)[k](¢) V ... V next_event(b)[l](p)

o () Erimp

(= o {r;true} — ¢

@ abort b Lef ( async_abort b

B.4.5 Parameterized SEREs and Formulas

Let 7 be a SERE, and [, m integers. Let S be a set of constants, integers or boolean values and p an
identifier. The left hand side of the following are SEREs, equivalent to the SEREs on the right hand
side.

e forpinS: | r o | {r[p < s]}.
ses

for p(l.m) in S : | r | ..

{rlp(l..m) — (s1..5m )]}

S1ES Sm€ES

def

e forpin S: && r = &e(% {rlp < s]}.

o for p(l.m)in S: && r o &e(% &:éz {rlp{l.m) — (si..sm)]}
S1 Sm

eforpinS: & r def &;Ls{r[zw—s]}.

o for & pl.m)inS: & r & Koo & {rlpltm) < (sisn)]}

Where r[p < s] is the SERE obtained from r by replacing every occurrence of p by s and r[p(l..m) «—
(81..8m)] is the SERE obtained from r by replacing every occurrence of p; with s; for all j such that
I<j<m.

Let ¢ be an FL formula, and [, m integers. Let S be a set of constants, integers or boolean
values and p an identifier. The left hand side of the following are FL formulas equivalent to the FL
formulas on the right hand side.

forpin S:V ef \/(p[p%s]
ses

for p(l.m) in S:V ¢ def \/ \/ elp(l..m) — (s1..8m)]
S1ES SmES

forpin S: A ¢ def /\cp[p%s]
ses

for p(l.m) in S: A ¢ def /\ /\ olp{l..m) — (s1..8m)]
s1€S SmES

forallpin S: ¢ def forpin S: A @

e forall p(l.m) in S: ¢ L for p{l.m)in S: A @
where ¢[p < s] is the formula obtained from ¢ by replacing every occurrence of p by s and

e[p{l.m) «— (s;..8m)] is the formula obtained from ¢ by replacing every occurrence of p; with
s; for all j such that [ < j < m.
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B.4.6 Additional OBE operators

Let f, f1, fo denote OBE formulas. Then additional OBE operators can be derived from the basic
OBE operators given in Definition 4 as follows:

° fiVfa="(=fiA~f2)

o fi—=fo=2fiV /e

e fierfo=(fi—= f2)N(f2—= f1)
e EFf = Eftrue U f]

AXf = ~EX—f
Alfi U fa] = ~(E[=f2 U (=f1 A= f2)] VEG—f2)
AGf = —E[true U —f]

e AFf = Aftrue U f]

B.5 Rewriting rules for clocks

In Section B.3.1.2 we gave the semantics of clocked FL formulas directly. There is an equivalent
definition in terms of FL formulas without clocks, as follows: Starting from the outermost clock, use
the following rules to translate clocked SERESs into unclocked SEREs, and clocked FL formulas into
unclocked FL formulas.
The rewrite rules for SEREs are:
1. Re({r}) = R(r)
2. RE(b) = —c[#];¢ A D
3. Rb,C(V)) = —cl];¢ A b, (V)
4. R(ry 5 ra) = R(r1) ; R(r2)
5. RE(r1 2 r2) = {R(r1)} : {R°(r2)}
6. RE(r1 | ro) ={R°(r1)} | {R°(r2)}
7. Ré(r1 && 12) = {R(r1)} && {R<(r2)}
8. Re([*0]) = [*0]
9. Re(r[+]) = {R°(r)}[+]
10. R¢(var(z) r) = {var(z) R°(r)}
11. R°(free(z) r) = {free(z) R°(r)}
12. Ré(r@cy) = R (r)

The rewrite rules for FL formulas are:

L F((¢)) = (F(¢))
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2. Fo(p) = ~F4()

3. Fele Ap) = (Fo(o) A Fe (1))

4. Fe(rl) = Re(r)!

5. Fe(r) = R(r)

6. Fo(r = ¢) = R(r) — F*(¢)

7. Fe(XIp) = (mc U (e AX! (= U (¢ A F2(9)))))
8. F(p Up) = ((c = F(¢) U (cAF(¥)))

9. F<(p async_abort b) = F() async_abort b
10. F¢(y sync_abort b) = F¢(¢) sync_abort (b A ¢)
11 Fe(var(z) @) = var(z) F<(p)

12. F(p@cy) = F(p)
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