Appendix B

(normative)

Formal Syntax and Semantics of Accellera PSL

This appendix formally describes the syntax and semantics of the tem-
poral 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 Sugar representation.

Verilog| VHDL|EDL

— |=> |=> | |->
= |=> 1=> | |=>
— -> -> ->
— | <> <=> | <=>
- ! not !
A && and &
\Y, |l or |

: to | ..
y| [ )y 1O

—.

Table 1. Typed-text symbols in the Verilog, VHDL, and EDL flavors

Note:

For reasons of simplicity, the syntax given herein is more flexible than
the one defined by the extended BNF (given in Appendix 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 Appendix A.

B.2 Syntax

The logic Accellera PSL is defined with respect to a non-empty set of
atomic propositions P and a given set of boolean expressions B over P.

We assume two designated boolean expression true and false belong to
B.

Definition 1 (Sequential Extended Regular Expressions (SEREs)).
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— FEvery boolean expression b € B is a SERFE.

— Ifr, r1, and ro are SERFEs, and c is a boolean expression, then the
following are SERFEs:
o {1} o T ° 1Ty o | 1o
o && 1y o [x0] o r[*] e r@c

Definition 2 (Formulas of the Foundation Language (FL formu-
las)).

— If b is a boolean expression then both b and b! are FL formulas.

— If ¢ and ¢ are FL formulas, r,r1,79 are SERFEs, and b a boolean ex-
pression, then the following are FL formulas:
* () ° °*pAY ol or
o X! o [ U ] e © abort b ° = e 0O

Definition 3 (Formulas of the Optional Branching Extension (OBE)).

— FEvery boolean expression is an OBE formula.
— If f, fi, and fy are OBE formulas, then so are the following:

Additional OBE operators are derived from these as follows:

— fiVfo=2(=fi A f2)

—h—=fa=2AV[f

— fie fo=(fi = ) N(fa— f1)

— EFf = E[true U f]

— AXf=-EX~f

—Alfi U fo] = =(E[=fo U (=fi N=fa)] V EG—fs)
— AGf = —FEltrue U —f]

— AFf = Altrue U f]

Definition 4 (Accellera PSL Formulas).

— FEvery FL formula is an Accellera PSL formula.
— Fvery OBE formula is an Accellera PSL formula.

In Section B.3, we show additional operators which provide syntactic
sugaring to the ones above.

! We define formal semantics for both strong and weak booleans [2]. However, strong
booleans are not accessible to the user.



B.3 Semantics

B.3.1 Semantics of FL formulas

The semantics of FL is defined with respect to finite and infinite words
over X = 2P U{T, L}. We denote a letter from X by ¢ and an empty,
finite, or infinite word from X' by w, v, or w (possibly with subscripts).
We denote the length of word v as |v|. An empty word v = € has length
0, a finite word v = ({yl1l5---£,) has length n + 1, and an infinite
word has length co. We use ¢, 7, and £ 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 < |ul, v = vttt 0™ or v = vt ... We denote by v the
finite sequence of letters starting from v* and ending in v7. That is, for
g >4, v = v .. 0 and for j < i, v47 = e. We use £ to denote an
infinite-length word, each letter of which is ¢.

We use v to denote the word obtained by replacing every T with a L
and vice versa. We call U the complement of v.

The semantics of FL. formulas over words is defined inductively, using
as the base case the semantics of boolean expressions over letters in X,
The semantics of boolean expression is assumed to be given as a relation
. C X' x B relating letters in X' with boolean expressions in B. If (¢,b) €
I we say that the letter ¢ satisfies the boolean expression b and denote
it £l b. We assume the two special letters T and L behave as follows: for
every boolean expression b, T band LI/ b. We assume that otherwise the
boolean relation I behaves in the usual manner. In particular, that for
every letter ¢ € 2F, atomic proposition p € P and boolean expressions
b,bi,bo € B (i) lep iff p € £, (ii) L —b iff £ b, and (iii) (I true and
(K false. Finally, we assume that for every letter £ € X, (by A by iff
lE b, and 4= bo.

B.3.1.1 Unclocked Semantics
B.3.1.1.1 Semantics of unclocked SEREs

Unclocked SEREs are defined over finite words from the alphabet /.
The notation v Er, where r is a SERE and v a finite word means that
v models tightly r. The semantics of unclocked SEREs are defined as

follows, where b denotes a boolean expression, and r, 1, and r, denote
unclocked SEREs.

—vE{rt<=vEr

—vEb< |v]=1and v"Eb



— v Er ; ry <= Jup, vy 8.t 0 = 0109, v1 ETy, and vy ETg

— v Ery g <= vy, e, and £ s.t. v = vilvg, vl Ery, and lvy Ere
—VEM | <= vEM orvEm

—vEM&& <= vEr and v Er

—vE[] <= v=c¢

— v Er[*] <= either v E[*0] or Juy, vy s.t. v1 # €, v = vV, v1 Er and

vy ET[*]

B.3.1.1.2 Semantics of unclocked FL

We refer to a formula of FL with no @ operator as an unclocked formula.

Let v be a finite or infinite word, b be a boolean expression, r, 7,7
unclocked SEREs, and ¢, 1) unclocked FL formulas. We use |= to define

the semantics of unclocked FL formulas: If v =@ we say that v models
(or satisfies) .

LvE(p) <= vy

2. vV Ep =T oy

v EeAY <= v Epand v =y

4. v b <= |v| > 0 and v" kb

5. v b <= |v| =0or v"ED

6. v Er!l < 35 < |v] s.t. 0% Er

7.0 Er <= Vj<|v], "I T |=rl

8. vEX!p<+|v]>1and v Ep

9. v E[pUy] <= Tk < |v] s.t. vF =10, and Vj < k, v o
10. v =g abort b <= either v = or 35 < |v| s.t. v/ b and V"7 71T =
1L vEr—p<Vj<|v st v Er, v Eop

Notes:

1. The semantics given here for the LTL operator and the abort oper-
ator is equivalent to the truncated semantics given in [1] which is
interpreted over 27 rather than over 2 U {T, L}. Using |=, for the
semantics in [1] the following proposition states the equivalence: Let
w be a finite word over 2, and let ¢ be a formula of LTL“"¢, Then
the three following equivalences hold:

W Fop <= wTY =p

W Fap = w =g
W E.p <= wl® e
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Using |=, as in the note 1 above, we use holds strongly for ,, holds
for |=., and holds weakly for |=,. The remaining terminology of Sec-
tion 4.4.6 is formally defined as follows:

— @ is pending on word w iff w =4 and w e

— ¢ fails on word w iff w Fep

. There is a subtle difference between boolean negation and formula

negation. For instance, consider the formula —b. If = is boolean nega-
tion, 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)!.

B.3.1.2 Clocked Semantics

We say that finite word v is a clock tick of ¢ iff [v] > 0 and v/*I~1E ¢ and
for every natural number ¢ < |v| — 1, v’ —e.

B.3.1.2.1 Semantics of clocked SEREs

Clocked SEREs are defined over finite words from the alphabet ) and a
boolean expression that serves as the clock context. The notation v Er,
where r is a SERE and c is a boolean expression, means that v models
tightly r in context of clock c. The semantics of clocked SEREs are defined
as follows, where b, ¢, and ¢; denote boolean expressions, r, r1, and ry

denote clocked SEREs.

vE{r} <= vgEr

v EEb <= v is a clock tick of ¢ and vI"1 b

v ET ;T <= Jup, U9 8.6 v = V109, vy Ty, and vy BT

v Er) 1 rg <= Juy, vy, and £ s.t. v = v1lvy, V1€ Ery, and vy Erg
VET | <= v Er orvEnr

vEr && ro <= v Er and v Ery

vE[] <= v=c¢

v Er[x] <= either v E[*0] or Juy, vy s.t. v1 # €, v = V1V, v ET and
vy ]

v ErQc <= v Er
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B.3.1.2.2 Semantics of clocked FL

The semantics of (clocked) FL formulas is defined with respect to fi-
nite/infinite words over X and a boolean expression ¢ which serves as
the clock context. Let v be a finite or infinite word, b, ¢, c; boolean ex-

pressions, 7,71, 79 SERESs, and ¢, ¢ FL formulas. We use F= to define the

semantics of FL formulas. If v = we say that v models (or satisfies) ¢
in the context of clock c.

v E(p) &= v e
LV =T
LV EeANY <= v Epand v £
v D < Jj < |v| s.t. %7 is a clock tick of ¢ and v/ b
v b <= Vj < |v] s.t. 7%7 is a clock tick of ¢, v/ D
vErl <= 35 < |v| s.t. %7 Er
vEEr <= Vj < |v], "I T Er!
vEX! f < 3 < k < |v] s.t. 0% and vk are clock ticks of ¢
and v* & f
9. v E[pUy] <= Tk < |v] s.t. vFEc, v [, and V) < k s.t. vk,
v g
10. v = abort b <= either v = or 37 < |v| s.t. v/ b and v*I71T¥ o
11 v Eri— o <= V) < |v| s.t. %7 Er, 0i- o
12. v FEp@cy <= v o

Note:

The clocked semantics for the LTL subset follows the clocks paper [2],
with the exception that strength is applied at the boolean level rather
than at the propositional level.

NSOt W e

B.2.2 Semantics of OBE formulas

The semantics of OBE formulas are defined over states in the model,
rather than finite or infinite words. A model is a quintuple (S, Sy, R, P, L),
where S is a finite set of states, Sy C S is a set of initial states, R C Sx S
is the transition relation, P is a non-empty set of atomic propositions,
and L is the valuation, a function L : S — 27 mapping each state with
a set of atomic propositions valid in that state.

A path 7 is a finite (or infinite) sequence of states m = (7, 71, T2, + =+, Ty
(or m = (mg, w1, 7o, ). A computation path m of a model M is a fi-
nite (or infinite) path 7 such that for every i < n, R(m;,m41) and
for no s, R(m,,s) (or such that for every i, R(m;,m+1)). Given a finite
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(or infinite) path 7, we define L, an extension of the valuation func-
tion L from states to paths as follows: L(w) = L(m)L(m) ... L(m,) (or
L(7) = L(m)L(m) ... ). Thus we have a mapping from states in M to
letters of 27 and from finite (or infinite) sequences of states in M to
finite (or infinite) words over 2%,

The semantics of OBE formulas are defined inductively, using as the
base case the semantics of boolean expressions over letters in 2°. The
semantics of boolean expression is assumed to be given as a relation
 C 2P x B relating letters in 27 with boolean expressions in B. If
(¢,b) € E we say that the letter ¢ satisfies the boolean expression b
and denote it £k b. We assume that the boolean relation [ behaves in
the usual manner. In particular, that for every letter ¢ € 2P, atomic
proposition p € P and boolean expressions b, by,by € B (i) (Ep iff p € ¢,
(ii) £ —b iff £/ b, (iii) £ by A by iff £ by and LI by, and (iv) Ck true and
(K false.

The notation M, s = f means that formula f holds in state s of model
M. The notation M = f is equivalent to Vs € Sy : M, s |= f. In other
words, f is valid for every initial state of M. The semantics of an OBE

formula are defined as follows?, where b denotes a boolean expression and
f, f1, and f5 denote OBE formulas.

-~ M,;sEb< L(s)kb

S Ms b (f) <= Mys = f

—M,sE-f<= M,slf

- M,sEfiNfo<= M,skE fiand M,s | f,

— M,s = EX f <= there exists a computation path 7 of M such that
7| > 1, 7o = s, and M, m = f

— M, s = E[fi1 U f3] <= there exists a computation path 7 of M such
that my = s and there exists k < |r| such that M, 7 | f> and for
every j such that j < k: M,m; = fi

— M, s = EG f <= there exists a computation path 7 of M such that
7o = s and for every j such that 0 < j <|r|: M,7m; = 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 FL operators presented above. The syntactic
sugar is defined below.

2 The semantics are those of standard CTL.



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.

B.3.1 Additional SERE operators

If 4, j, k, and [ are integer constants such that ¢ > 0, j >4, kK > 1 and
[ > k, then additional SERE operators can be viewed as abbreviations
of the basic SERE operators defined above, as follows, where b denotes
a boolean expression, and r denotes a SERE.

=1l = il
SRE L
—r[sk] € T

— r[xiog] L or[xd] | | r[%)]
— r[*i..] o r[*i]; r[]

— r[*..q o r[*0] | ... | r[xi]
— r[*..] o r[*0..]

~[H Y true[+]

— [#] déf truelx|

— [*4] o true[*z]

~ [ig] = truelsij]

— [xi.] o true[ o

— [*..4] o true[*..i

— bl=1] = {b[s]; b}[i]; bl
~bl=ij) = b[=i]| .. | bl=1]
—b=i.] = b[=i); [+
—bj=d] € b[=0]]..|b[=1]
—bj=.] = b[=0.]

—bl=] = bl

— b= k] = {b[s]; b} [xk]

— b= kd] L b= k]| .| b= (]
— b= k] = bl K] | {b[— KJ; [+; 0}
— b= k] ¥ b 1) .| b K]



b= ¥ op 1)

& {grfl} && {rq; true[]}} | {{r1; true[x|} && {ra}}
— ry within rg = {[*]; r1; [¥]} && {re}

B.3.2 Additional FL operators

If 7,5,k and [ are integers such that ¢ > 0, 7 >4, k > 0 and [ > k then
additional operators can be viewed as abbreviations of the basic operators
defined above, as follows, where b denotes a boolean expression, r, 1, and
ro denote SEREs, and ¢, ¢, and ¢, denote FL formulas.

def
— o1V = (201 A )
def
— p1 — P9 d:f 01 Voo
— 1o = (o1 02) A(p2 — ¢1)

—lpr Wopa] & o1 U o] V Gy

always ¢ “a ©

— never ¢ G -

— next! ¢ © X %
def

—nextp = X ¢

— eventually! ¢ aof Fo

— 1 untill gy € (o1 U o]

— 1 until oo & (o1 W ]

— 1 untill- s E [p1 U o1 A o]
— 1 until_ gy = [o1 W o1 A o]

— 1 before! pq def [mpe U @1 A —ps]
— 1 before po E (=2 W1 A =]
— 1 beforel_ g, € gy U ]
— o1 before_ gz = gy W )]

i times

def

. e
- X![ilp = X! XI..X! g
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1 times
Ldef AT
- XiJp = XX. Xop
— next![i] ¢ e X [i] ¢
— nextli] ¢ o X[i] ¢

— nextalli.jle & (X)) A... A (X [fle)
— next_ali..j|e def (Xilo) Ao AN (XT]e)
— neatelli.jle L (X[ile) V...V (X![]p)
— next_efi..jlp def (X[ilp) V...V (X[j]e)
— next_event!(b)(p) o [—b U bAg]

— next_event(b)(p) o [0 W b A ]

— next_event!(b)[k](p) o next_event!(b) (X! next_event!(b)...(X! next_event!(b)(y))...)

— next_event(b)[k](¢) o

def

def

k—1 times

Vou N

k—1 times
.

next_event(b) (Xnext_event(b)...(Xnext_event(b)(¢))...)

— next_event_al(b)[k..l](¢) = next_event!(b)[k](¢)A...Anext_event!(b)[l](y)
]

— next_event_a(b)[k..l](¢) = next_event(b)[k](p)A...Anext_event(b)[l](¢)
— next_event_el(b)[k..l[](y) o next_event!(b)[k](¢)V...Vnext_event!(b)[l](p)
] ]

— next_event_e(b)[k..l](¢) def

—r(p) & riop

— = ¢ {r; true} — ¢

B.3.4 Forall

If f is an Accellera PSL formula, v, vy, - -

next_event(b)[k](p)V....Vnext_event(b)[l](p)

-, v, are constants, and j, k, [

and m are integers, then the following are Accellera PSL formulas:

— forall i in {vo, vy, -+, v, } 1 f
— forall i in j.k : f

— forall i in boolean : f

— forall i(l.m) in {vy, vy, - -
— forall i{l.m) in j.k: f
— forall i{l..m) in boolean : f

ot f

Forall does not add expressive power. Rather, it can be viewed as

additional syntactic sugar, as follows:



— forall iin {vo,v1, -+, vp} 1 f = = /\

u€{vo,v1,+,Vn

k
— forall iin j.k:f = J\ fli — ]

u=j

— forall i in boolean : f = o /\ fli < ul

— forall i{l.m) in {vo, vy, - - - vn} F /\
u €{vo,v1,+,0n
k k
— forall i{l.m) in .k f = N o\ flillm) —
u=j Um =]

1
— forall i{l..m) in boolean : f oo /\ /\ flil..m) «—

u;=0

}

U, =0

fli =]

}

(ul..

A

ume{UOfUl""»v

(ug..u

11

n}

m)]

where f[i < u] is the formula obtained from f by replacing every

occurrence of i by w and f[i(l.m) «— (u;..u

from f by replacing every occurrence of i; with w;.

B.5 Rewriting rules for clocks

m)] is the formula obtained

In Section B.2.2 we gave the semantics of clocked FL formulas directly.
There is an equivalent definition in terms of unclocked FL formulas, as

follows: Starting from the outermost clock, use the following rules to
translate clocked SEREs into unclocked SEREs, and clocked FL formulas

into unclocked FL formulas.

The rewrite rules for SERESs are:
Re({r}) = R“(r)
Re(D) = —c[*];¢ N D
Re(ry 5 m2) =R(r1) ;R
RE(r1 = r2) = {R(r1)}
ri | r2) ={R(r1)}

2)
2)}

2)}

“(r
{R(r

RY( | {R(r

Re(r1 &&e ro) = {R(r1)} && {R(r2)}
RE([+0]) = [*0]

Re(r[x]) = {R(r)}+]

R(r@cy) = R (r)

.“3.00.\‘.@9“.*“93!\9?‘

<ul..un
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The rewrite rules for FL formulas are:

L F((¢)) = (F(¢))

2. F(b!) = [-c U (¢ A D))

3. Fe(b) = [-c W (c AD)]

1 Fo(p) = ~F(%)

5. Fle Np) = (F(p) A F(¥))

6. Fo(X!p) = [nc U (c A X! [2e U (e AF()])]
1. F(pUy)=llc—=F() U (cAF ()]
8. F¢(¢ abort b) = F°(y) abort b

9. F(pQc1) = F ()

10. Fé(r—p) = R(r) — F(p)

11. Fe(r!) = Re(r)!

12. F¢(r) = Re(r)

NOTE The v1.1 formal semantics presented here correct the three
anomalies described in Section B.6 of the LRM v1.0. An additional
anomaly, since discovered, is not yet corrected. It is as follows: the log-
ical contradiction false is considered to be weakly satisfiable, but the
structural contradiction {{a}&&{a;a}} is not. For instance, the property
Ffalse holds weakly on a finite path, but the property F{{a}&&{a;a}}
does not. This issue will be addressed in the next version of the formal
semantics. From the user’s point of view, this will have minimal effect,
since it is a corner case resulting from the use of a non-satisfiable SERE.
From a tool builder’s point of view, this will have minimal effect since
the change involves removing one step in the algorithm that builds the
automaton for a given SERE (the step that removes states from which
there is no accepting run).
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