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Volunteers are not necessarily members of Accellera and serve without
compensation. While Accellera administers the process and establishes
rules to promote fairness in the consensus development process, Accellera
does not independently evaluate, test, or verify the accuracy of any of the
information contained in its standards.

Use of an Accellera Standard is wholly voluntary. Accellera disclaims
liability for any personal injury, property or other damage, of any nature
whatsoever, whether special, indirect, consequential, or compensatory,
directly or indirectly resulting from the publication, use of, or reliance
upon this, or any other Accellera Standard document.

Accellera does not warrant or represent the accuracy or content of
the material contained herein, and expressly disclaims any express or
implied warranty, including any implied warranty of merchantability or
suitability for a specific purpose, or that the use of the material contained
herein is free from patent infringement. Accellera Standards documents
are supplied “AS IS”.

The existence of an Accellera Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or
provide other goods and services related to the scope of an Accellera
Standard. Furthermore, the viewpoint expressed at the time a stan-
dard is approved and issued is subject to change due to developments
in the state of the art and comments received from users of the stan-
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for revision and update. Users are cautioned to check to determine
that they have the latest edition of any Accellera Standard.

In publishing and making this document available, Accellera is
not suggesting or rendering professional or other services for, or on
behalf of, any person or entity. Nor is Accellera undertaking to per-
form any duty owed by any other person or entity to another. Any
person utilizing this, and any other Accellera Standards document,
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tions. When the need for interpretations is brought to the attention
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reason, Accellera and the members of its Technical Committees are
not able to provide an instant response to interpretation requests ex-
cept in those cases where the matter has previously received formal
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Comments for revision of Accellera Standards are welcome from
any interested party, regardless of membership affiliation with Ac-
cellera. Suggestions for changes in documents should be in the form
of a proposed change of text, together with appropriate supporting
comments. Comments on standards and requests for interpretations
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1370 Trancas Street #163
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patents for which a license may be required by an Accellera stan-
dard or for conducting inquiries into the legal validity or scope of
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Abstract. In previous work [1] we argue that in order for temporal
logic to be useful in incomplete verification methods such as simula-
tion or bounded model checking, it is necessary to define semantics over
truncated paths. A truncated path is a path which is finite, but not nec-
essarily maximal. The semantics on truncated paths is based on three
views: the weak view, the neutral view and the strong view.

In [1] we have defined the semantics explicitly for each view. That is, the
semantics of formulas is interpreted over a pair consisting of a word over
2P (where P is the set of atomic propositions) and a view which is either
weak or neutral or strong. Here we suggest an alternative, more concise,
approach for giving the semantics, which is achieved by interpreting the
formulas over words from the alphabet 2° U {T, L} where T and L are
special symbols.
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1 Introduction

Traditional LTL semantics [2] are defined for maximal paths in the
model. A maximal path is either an infinite path or a path whose last
state has no successor in the model. In a previous work [1] we have
defined LTL over truncated paths. A truncated path is a path that is
finite, but not necessarily maximal. For instance, a path examined by
a simulation tool, or by bounded model checking, is a truncated path.
Truncated paths are also convenient for reasoning about hardware
resets because a reset can be thought of as “cutting” a maximal path
into two disjoint parts — a finite, truncated part up until the reset
and a maximal (possibly infinite) part after the reset.

Methods of reasoning about finite maximal paths are insufficient
for reasoning about truncated paths. When considering a truncated
path, the user might want to reason about properties of the trunca-
tion as well as properties of the model. For instance, the user might
want to specify that a simulation test goes on long enough to dis-
charge all outstanding obligations, or, on the other hand, that an
obligation need not be met if it “is the fault of the test” (that is, if
the test is too short). The former approach is useful for a test de-
signed (either manually or by other means) to continue until correct
output can be confirmed. The latter approach is useful for a test
which has no “opinion” on the correct length of a test - for instance,
a monitor running concurrently with the main test to check for bus
protocol errors.

In such a situation, we need to define the semantics over a trun-
cated path. In other words, at the end of the truncated path, the
truth value must be decided. If the path was truncated after the
evaluation of the formula completed, the truth value is already de-
termined. The problem is to decide the truth value if the path was
truncated before the evaluation of the formula completed, i.e., where
there is doubt regarding what would have been the truth value if the
path had not been truncated. We term a decision to return true
when there is doubt the weak view and a decision to return false
when there is doubt the strong view. For instance, consider the for-
mula p — X ¢ on a finite path of length 1 such that p holds in the first
state. Given the evidence we have, it is impossible to say whether or
not the formula holds neutrally on the untruncated path. Thus the
formula holds weakly and does not hold strongly.
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The formula p — X ¢ holds weakly on a finite path of length
1 such that p holds in the first state. In fact, on such a path the
formula p — X ¢ holds weakly for any ¢, including ¢ = false. Thus,
the weak view of the truncated semantics takes the lazy approach,
in that it is not required to know whether or not ¢ is satisfiable if
we have not yet reached a point “where ¢ matters”.

In [1] we have defined the semantics explicitly for each view. That
is, the semantics of formulas is interpreted over a pair consisting of
a word over 28 (where P is the set of atomic propositions) and a
view which is either weak or strong or neutral (corresponding to sat-
isfaction on maximal paths). Here we suggest an alternative, more
concise, approach for giving the semantics, which is achieved by in-
terpreting the formulas over words from the alphabet 2 U {T, L}
where T and _L are special symbols. This approach and the equiva-
lence of the two semantics are the topics of this paper.

2 Preliminaries

2.1 Notation

Throughout, 7, 7, k, and n denote non-negative integers.

We will denote a letter from some alphabet X' by ¢ (possibly with
subscripts) and an empty, finite, or infinite word over X' by u, v, or w
(possibly with subscripts). The concatenation of u and v is denoted
by wv. If u is infinite, then uv = w. The empty word is denoted by
€, so that we = ew = w. If w = wv, we say that u is a prefix of w,
denoted u = w, that v is a suffix of w, and that w is an extension of
u, denoted w > u. We use u < w to mean u < w and u # w.

We denote the length of word w as |w|. The empty word € has
length 0, a finite word w = ({ol1ls - - ;) has length n + 1, and an
infinite word has length w.! For i < |w|, we use w’ to denote the
i + 1% letter of w (since counting of letters starts at zero), and we
denote by w the suffix of w starting at index 7. When i < j < |w],
we denote by w7 the finite sequence of letters starting from index
i and ending in index j. That is, w*J = (w'w'™ .- w?). We use (%
to denote an infinite-length word, each letter of which is /.

We use the term boolean expression to mean an element of the
free boolean algebra B = 22" For a letter £ € 2P and a boolean

! We use w to denote the cardinality of the non-negative integers. It is understood
that vt w=wandw+n=n+w =w.
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expression b € B, we say that ¢ satisfies b, denoted (b, iff ¢ € b.
We write true to denote the element 27 € B and false to denote the
element () € B. For any letter £ € 2, (| true and (I false.

2.2 The logic

In [1] we defined the logic LTL"""¢| extending LTL[2] with truncation
operators trunc_wW and trunc_S.

Definition 1 (LTL"“"* formulas).

— Ewvery boolean expression is an LTL"" formula.

— If ¢ and © are LTL™"¢ formulas and b is a boolean expression,
then the following are LTL"™" formulas®:
o - e pANY o Xl p o [ U] ® © trunc.w b

Additional operators are defined as syntactic sugaring of the above
operators:

¢ oV E a(mp A ) o X p € (X! )
oFcpdéf[trueUcp] OGQOCE_‘F_‘SD
o [0 W 9] & (o U]V Gy o o truncs b Y —(—¢p trunc.w b)

2.3 The three-view approach to the truncated semantics

The truncated semantics of LTL*"¢ was defined in [1]. Later, we will
give an alternative formalization of the same semantics. In order to
distinguish between the two, we will call the formalization given in [1]
the three-view approach to the truncated semantics. The three-view
approach defines the semantics of an LTL*"¢ formula with respect
to finite or infinite words over 2 and a context indicating the view,
which can be either weak, neutral, or strong. According to our moti-
vation presented above, the formula ¢ holds on a truncated path in
the weak view if up to the point where the path ends, “nothing has
yet gone wrong” with . It holds on a truncated path in the neutral
view according to the standard LTL semantics for finite paths. In the
strong view, ¢ holds on a truncated path if everything that needs
to happen to convince us that ¢ holds on the original untruncated
path has already occurred. Intuitively then, each view is recursively

2 Since we have finite paths, we need both weak and strong next-time operators. We
use X! for the strong version. The weak version, X, is given as syntactic sugar.
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defined, with negation switching between the weak and strong views.
The truncation operators trunc_.w and trunc_s truncate a path and
move to the weak and strong views, respectively.

We use w E¢ to denote that ¢ is satisfied under the model (w, S),
where S is “—" if the view is weak, null if it is neutral, and “+4” if it is
strong. Under the neutral view only non-empty words are evaluated;
under the weak/strong views, empty words are evaluated as well.
The definition makes use of an “overflow” and “underflow” for the
indices of a word w. That is, w = ¢ if j > |w|, and w™" = € if
h < i < |w| (h possibly negative). For example, in the definition
below of the semantics of [ U ] under the weak and strong views,
when we say “3Jk”, k is not required to be less than |w|.

Let ¢ and 1) denote LTL"*"¢ formulas. In the three-view approach,
the truncated semantics is defined as follows.?

holds weakly: For w such that |w| > 0,

wEb<e |lw=0o0r wEb

wE == w e

wE ANy <= wE pand w |E Y

wE X p = w-Ep

w | [pUy] <= Tk such that w* | 1, and for every j < k,
w

6. wE ptrunc. Wb <= w E por Ik < |w|s.t. wkEband w*1 =

Cr W =

holds neutrally: For w such that |w| > 0,

wEb <= wEb

wEp = whp

wEe AN <= w ¢ and w =Y

w EX! p < |w| > 1 and w' ¢

w E=[pUth] <= Tk < |w| such that w*- =1, and for every j < k,
w’ =

6. w @ trunc. Wb <= w e or Ik < |w|s.t. wFEband W'+ Ep

U o=

holds strongly: For w such that |w| > 0,
1. wEb<= |w| >0and w’Eb

2. wE ~p <= wlp

B wE A<= wE pand w E Y

3 Recall that b always denotes a boolean expression and i, j, k, n always denote non-
negative integers.
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4. wE X! p = w E ¢
5. w E [pUy] <= Fk such that w* = ¢, and for every j < k,
w = o
6. wE @trunc.wb <= w E por Ik < |w|s.t. w*Eband w* 1 =
In [1], we analyzed the characteristics of the truncated semantics.
We showed that the strong view is indeed stronger than the neutral,
and the neutral stronger than the weak (the Strength Relation The-
orem). We also showed that if a truncated path w satisfies ¢ in the
weak view, then any prefix of w satisfies ¢ in the weak view, and
that if a truncated path w satisfies ¢ in the strong view, then any
extension of w satisfies ¢ in the strong view (the Prefix/Extension
Theorem). Finally, we defined the definitive prefix of a word w with
respect to ¢ (dp(w,p)) as the shortest prefix of w which suffices
to conclude that ¢ holds or does not hold on w, and showed that
any proper prefix of dp(w, ) satisfies weakly both ¢ and —p, while
dp(w, ) and all of its extensions satisfy strongly exactly one of ¢ or
= (the Definitive Prefix Theorem).

3 The T, _L approach to the truncated semantics

The idea behind the T, L approach is that we add special letters T
and | such that T satisfies all Boolean expressions, including false,
and | satisfies no Boolean expression, including true. We would
like the recursive definition to achieve that T¢ satisfies all LTL!""¢
formulas, and ¥ satisfies no LTL"“"*¢ formula. We define negation
to switch a T to a | and vice versa. And we define the semantics
of trunc_w so that it pads the word with T“ and the semantics of
trunc_s so that it pads the word with L“. Intuitively, this will enforce
the requirement that the weak view return true and the strong view
false when there is doubt as to the validity of the formula on the
original, untruncated path.

Formally, the T, L approach to the truncated semantics defines
the semantics of LTL!*"¢ with respect to non-empty finite and infinite
words over & = 2P U {T, L}. We use w |5, ¢ to denote that ¢ is
satisfied on non-empty word w in the T, L approach. We use w to
denote the dual of w, the word obtained by replacing every T with a
L and vice versa. We augment the boolean relation k of Section 2.1
as follows to include the two special letters T and L: for every b,
TEband LI£b. Note that in particular, T I false and L I true. We
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make use of the “underflow” for the indices of w, so that w®" = ¢ if
h < i < |w| (h possibly negative).
Let ¢ and v denote LTL!*"¢ formulas. In the T, L approach, the

truncated semantics is defined as follows.

Lwkgb = wkb

wE e = W

wEeANY = wipandwkE Y

w Xy = |wl>1and v |5 ¢

w = [pUY] = 3k < |w| st v Y, and V) <k, w5 @

w ):}_C @ truncw b <= wl e or Ik < |w| st wEd and
1—|—w ):T,LSO

For any word w over X, if wT¥ ): © we say that w weakly satisfies
v, denoted w ): p. If wl® }— © we say that w strongly satisfies o,
denoted w £ ¢. “For infinite w, wT¥ =wl® =w (by the definition
of concatenation in Section 2.1), so w ):190 iff w ):n@ iff w ng

The following theorem states the equivalence of the two approaches
to the truncated semantics.

S

Theorem 2 (Equivalence of three-view and T, | approaches).
Let u be a word over 2, v be a non-empty word over 2, and ¢ be
a formula of LTLY" Then

LuEFps=ul ¢
2. v):g0<:>v)zn<p
S uF ps=ulE ¢

Proof. Let w be any word over 27, and let ¢ be a formula of LTL"¢,

We will show that

a. wEp = wT” ¢
b wFp <= wl¥ |5 ¢
The proof of the second item, i.e. that for a non-empty word v,
Ve <=0 }— ¢, follows by inspection of the definitions, since v is
over 27 and we have the equivalence (a) from above to use in the
case of the semantics of trunc_w.

The proof proceeds by induction over the structure of ¢.

1. p=0.
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(a) wE=b
< |w|=0o0r w’kb
— (wT¥)°’=Tor (wT¥)kb
— (wT*)ED
= wT“Eb
(b) w Eb
<= |w| >0and w’Eb
— (wl®)kb
= wl”Eb
2. @ = —ﬂb.
(a) w ==
= w Y
<= [induction] w1* p£ v
= [l ()
= wl¥E -
(b) wi—
= wHEY
<= [induction] wT* p& ¢
= [EJ_: l)i] (ZUZ}T“’) 7, ¥
— wl¥E -
3. o =Y A. o
(a) w =AY
<— w Y and w =9
<= [induction] wT* |5 ¢ and wT* | ¥
= wTY E Y AY
(b) wEvAY
<— w Ey and w Y
<= [induction] wl* | ¢ and wl* [ ¥
ooy
(a) w X1 ¢
— wl.. ):—w
— Ein(_iruc)tlior)i @;j“‘l—“’ =
(bfi&ﬂw’ — & wT¥ [, X1 g
w L
— w' =y
<= [induction] w'"L* |= ¢
— (wJ_w)l.. ):T’Lw
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lwle] =w] wl® X9
- =[p U9
(a) w =l U]
<= there exists k such that w* = and for all j < k,w’ Eu
= [mductlon] there exists k such that w*-T% =0 and for all j <
kT | 4
= there exists k such that (wTw)k- ¢ and forall j <
k (wTe) ¢
= wT* [ [¢ U]
(b) w =y U 7]
<= there exists k such that w*- E9 and for all j < k, wi E
= [induction] there exists k such that w*- L~ XY and for all j <
k,wd 1@ =¥
= there exists k such that (w L@k E ¢ and forall j <
B (1) by
= wlE [y U]
6. ¢ =1 trunc_w b.
(a) w =1 trunc.w b
<= either w 1) or there exists k < |w| such that w* I b and w*~! 1)
<= [induction]
A: either wT* | ¢ or there exists k < |w| such that w" kb and
wO k— 17w }: w
= [[wT¥| =w, k< lw| implies (wT¥)F = wk and (wT«)0F1 = 0k-1]
B: either wT“’ =, ¢ or there exists k < [wT*|such that (w—l—“) b and
(wTw)O k— ITw ):
< wT¥ [ ¥ trunc.w b.
It remains to show that B = A. Suppose there exists k <
|wT*| such that (wT“’) b and (wT«)A1Te £ ¢ If k <
lw|, then (wT¥)* = w* and (wTw)%*F 1 = w1 , S0 We
are done. Otherwise, w is finite and k£ > |w|7 so wTY =
(wT*)>*=IT¥ = 4, and again we are done.
(b) w Ev trunc.w b
<= either w = or there exists k < |w|such that w* Ik b and w®*~1 =1
<= [induction]
A: either w 1* | ¢ or there exists k < |w| such that w* kb and
w k—1Tw ): w
HwJ_W] = w, k< lw| implies (w1*)F = w* and (wl@)%F-1 = 0k-1]
B: either wJ_“’ =, ¢ or there exists k < [wL“|such that (wJ_“’) b and
(wJ_w)O k— l‘l'w ):



14

< wl¥ ¢ truncw b.
It remains to show that B = A. Suppose there exists k <
jw1¥| such that (wl*)*kb and (wl*)** T o If w is
finite and k > |w|, then L = (wl¥)*Eb, a contradiction.
Therefore, k < |w|. Then (wl“)* = w* and (wl*)%*! =
w*~1 5o we are done.

O

The following lemma states that indeed we get that T satisfies
every formula whereas | “ satisfies none.

Lemma 1. Let ¢ be an LTL""¢ formula. Then

LTk
2. LY H o

Proof. The proof follows from Theorem 2 together with Lemma 4
from [1] stating that € Ep and € ¢ for any LTL"*" formula ¢.

4 Conclusions

We have shown that the three-views semantics of LTL over truncated
(and untruncated) words as defined in [1] can be given more con-
cisely as presented here by enhancing the alphabet with two special
symbols (T and L).
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