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1 Introduction

Verification condition is an important notion in developing techniques for pro-
gram verification. For sequential programs, the main correctness concerns are
partial correctness and termination. Foundations for verification condition gen-
eration have been formulated in Floyd-Hoare logic [16, 20]. The essential point is
to turn a program verification problem into the problem of checking the validity
of first order formulas. Due to that the verification problem is not decidable for
reasonably expressive underlying first order logics for program construction, in
order to be able to do so, human efforts are usually needed, i.e., we have to
provide intermediate assertions and ranking functions in order to be able to use
the rules for verification condition generation. The use of verification condition
implies a clear separation of concerns in program verification: a first order logic
part and a verification condition generation part. Both parts may be assisted by
semi-automated techniques, such as theorem proving techniques [7, 14], invariant
generation techniques [3, 4], ranking function synthesis techniques [27,1, 18].

For concurrent programs, the correctness issues usually concern temporal
properties, and the approach for reasoning of partial correctness and termination
can be adapted to reasoning of temporal properties. In [25,26], Owicki and
Gries have developed rules for proving partial correctness, deadlock freedom and
termination of a kind of parallel programs. For reasoning of LTL properties in
a systematic way, proof rules have been proposed by Manna and Pnueli in [28].
For reasoning of CTL properties, proof rules have been proposed by Fix and
Grumberg in [15]. For reasoning of CTL* properties, a kind of compositional
deductive approach has been considered in [34,21,17] by Pnueli, Kesten and
Gabbay. From a practical point of view, some of the recent works have focused
on automated verification of temporal properties [10,5,11], and in particular
n [11], Cook et. al. have put the emphasis on automated verification of CTL*
properties. Among the aforementioned approaches, there might be two kinds of
problems, i.e., the use of the approach might lead to transforming a verification
problem to a problem that is equally hard to solve, and the approach might
not be complete with respect to the targeted types of properties. The reader is
referred to Appendix A for further discussions on these issues.



One of the obstacles seems to be that although there are many approaches
for verification and reasoning of temporal properties, there are few underlying
principles for such reasoning, for instance, for reasoning of partial correctness
and safety properties, we may use the usual inductive argument (based on nat-
ural induction, or induction on time points), and for reasoning of termination,
eventuality and response properties, we may use inductive argument on well-
founded sets, however, for reasonably complicated temporal properties, it lacks
well-established simple principles for doing this kind of reasoning and first or-
der verification condition generation. In this work, similar to the Floyd-Hoare
logic style proofs [16,20] and the various works on deductive verification of tem-
poral properties of concurrent systems, e.g., [28, 19,29, 32, 31], we study proof
rules such that verification of temporal properties can be reduced to first order
reasoning, under the assumption that the necessary auxiliary constructs can be
provided.

Structure of the Paper The contents of the rest of the paper are as follows. To be-
gin with, we have a preliminary discussion on order sets and directed graphs, and
develop the necessary background and induction principle for further reasoning
of program models. Then we present the program model and the necessary back-
ground for further reasoning of temporal properties. After this, we study rules
for proving LTL properties. Many rules are similar to those in [28, 29]. The set of
rules is then identified to be relatively complete for a subset of LTL properties.
For this subset of LTL properties, proof rules for negative satisfiability (essen-
tially, this is the same as applying the existential interpretation to the negated
LTL formula) are also developed, providing a way for proving the non-validity
of such LTL properties. A combination of the proof rules for satisfiability and
negative satisfiability of LTL properties naturally leads to a set of proof rules
for CTL*, though, this combination is only sound and relatively complete for a
subset of CTL*. Then a customized set of proof rules for a sublogic of CTL*,
denoted CTLT, is provided. The sublogic is sufficiently expressive that it covers
the properties considered in Appendix A and those of the interesting CTL* for-
mulas in Section 8.2 of [11]. An example demonstrating the verification condition
generation process with a supporting experimental tool is also presented.

2 Ordered Sets and Directed Graphs

Let (S,C) be a preorder, i.e., the relation C is reflexive and transitive. An infinite
descending chain is an infinite sequence ™ = mymy 7y - - - such that m; J ;41 for all
1 > 0. A finite descending chain of length n+1 is a finite sequence m = wgmy - - - ™,
such that m; O m;41 for all ¢ < n — 1. Notice that since the chains are based
on preorders, an element may appear many times or infinitely many times in a
chain.

For convenience, we use mg to denote the first element of 7 (being a sequence
of elements of any type), 7; to denote the (i + 1)-element of 7, and 7 to denote
the sub-sequence starting from ;. We use 7(a) to denote that 7 is starting from



a, i.e., 7y = a. Then Im(a) means that there exists a sequence 7 starting from
a.

Let Z C S. An infinite descending Z-chain is an infinite descending chain
such that every element in the chain is in Z. The set of infinite descending
Z-chains is denoted A(Z).

Definition 1. Let S be a set and Z C S. A preorder (S,C) is called a weak
well-founded set upon Z (or Z-well-founded set, for short), if a T b C a implies
a=bora,b€ Z, and for every non-empty subset A of S, either A has a minimal
element or ANZ # 0.

For simplicity, we use WWF(Z) to denote the set of Z-well-founded sets. It is
easily seen that a preorder (S, C) is a well-founded set iff it is -well-founded, and
furthermore, the following holds: (S,C) is Z-well-founded iff for every infinite
descending chain 7, elements not in Z (referred to as non-Z elements in the
sequel) only appear finitely many times on 7.

Lemma 1 (Induction). Let (S,C) € WWF(Z). Let ¢ be a predicate on S. The
following holds.

IfVa € S.(Vb C a.(p(b) vV In(b) € A(Z)) — ¢(a)), then Ya € S.p(a).

Proof. Suppose that Va € S.(Vb T a.(p(b) vV In(b) € A(Z)) — ¢(a)) holds
and there is an a € S such that ¢(a) does not hold, we prove that there is a
contradiction. Since ¢(a) does not hold, Vb C a.(p(b) V In(b) € A(Z)) does not
hold. Then there is an @’ C a such that a’ does not satisfy ¢ and there are no
infinite descending Z-chains starting from a’. Since ¢(a’) does not hold, we can
use the same argument and obtain an a” C a’ such that a” does not satisfy ¢ and
there are no infinite descending Z-chains starting from a’’. By using the same
argument repeatedly, we can construct an infinite descending chain 7 starting
from a such that for every i, there are no infinite descending Z-chains starting
from 7r;. This implies that non-Z elements must appear infinitely many times on
m, contradicting to that (S,C) is in WWF(Z). O

Directed Graphs Let G = (V, E) be a directed graph (possibly with infinitely
many vertices). For convenience, we use s — s’ to denote (s,s’) € F, and use
% to denote the reflexive and transitive closure of —. An infinite path is an
infinite sequence m = mymymy - - - such that m; — m; 41 for all ¢ > 0. A finite path
is a finite prefix of an infinite path. An infinite path starting from s is called an
s-path.

For A C V, we use Gr(A) to denote the induced subgraph (A, E’) where
E' = En(Ax A). We use succ(A) to denote {s' | s — s',s € A}, the set of
successors of A. Suppose that f : A — B is a mapping from A to B. For X C A,
we use f(X) to denote {f(x) |z € X}, the image of X under the mapping,.

Definition 2. Let (V, E) be a directed graph. po(V, E) denotes the preorder (S, C
) with S =V and C defined by s C s' iff s = s’ or there is a finite path s - - sg
with k > 1 such that so = s and s, = s'.



It is easily seen that po(V, E) is indeed a preorder.

Lemma 2. Let (V, E) be a directed graph and Ny, N1, No € V such that Ny C
No, N1 NNy =0, succ(Ng) € No U Ny and Gr(Ny) is self-loop free. Let (W,E
) = po(Gr(Ny)). Suppose that (W,C) is No-well-founded. Let o(s) denote the
following property.

For every s-path w, there is a k > 1 such that mg,...,Tx,—1 € Ng and
mr € Ny, or for all i > 0 we have m; € Ny and there is an I > 0 such
that m; € Ny for all j > 1.

Then Vs € No.p(s).

Proof. The property ¢ ensures that for all a € Ny we have the following.
Vb T a.(p(b) vV IT(b) € A(N2)) — ¢(a).

This is argued as follows. If a is a minimal element of Ny, an a-path must
start with aa’ with @’ in Ny, since Gr(Np) is self-loop free. Therefore we have
¢(a). Otherwise, a is not a minimal element. It is easily seen that if b satisfies
©, then every path that passes b (with all of the vertices up to b in Ny) satisfies
the necessary path-requirement. If ¥b C a.(¢(b) V Im(b) € A(N3)) holds, then
every path that passes some elements not in N, satisfies the necessary path-
requirement (for this part, such a path has an initial sequence in Ny and either
this sequence is followed by an N; element, or an Ny \ Na element b such that
©(b) holds, since we have b C a and there are no infinite descending Na-chains
starting from b), and every path that has all vertices in Ny trivially satisfies the
necessary path-requirement. Therefore we have ¢(a). Then by induction over
weak well-founded sets (Lemma 1), we have Vs € Ny.o(s). O

Remark For the intuitive understanding, a vertex s satisfies ¢ may be interpreted
as that every s-path satisfies the following property:

No A X (((No)U(N1)) V (G(No) A FG(N2)))
where X, U, F, G have the meaning of the usual temporal operators.

Z-Infinite Graphs

Definition 3 (Z-Infinite Graphs). Let (V, E) be a directed graph and Z C V.
(V, E) is Z-infinite, if it is self-loop free, and for every infinite path w in V', there
is an i > 0 such that m; € Z for all j > 1.

In other words, a Z-infinite directed graph is a self-loop free graph such that
non-Z vertices may only appear finitely many times in any infinite path. A graph
is P-infinite iff it is a graph with no infinite paths.

Lemma 3. Let (V, E) be a Z-infinite directed graph. Then (S,C) = po(V, E) is
Z-well-founded, and furthermore, if (s,s’) € E, then s' C s.



Proof. Suppose that, on the contrary, po(V, E) is not Z-well-founded. Then
there is an infinite descending chain in po(V, E) such that elements not in Z
appear infinitely many times. Then there is an infinite path in (V, E') such that
elements not in Z appear infinitely many times, contradicting to that (V) E) is
Z-infinite. For the second part, suppose that (s,s’) € E. By the definition of
po(V, E), we have s’ C s, and since (V, F) is Z-infinite, we have s’ # s. O

Y -Bounded Subgraphs

Definition 4 (Y-Bounded Subgraphs). Let (V, E) be a directed graph and
S, Y C V. Gr(S) is Y-bounded, if SNY =0 and succ(S) CSUY.

In other words, a Y-bounded subgraph is subgraph such that every vertex in
the subgraph is not in Y and every step that moves out of the subgraph moves
to a vertex in Y.

Lemma 4. Let (V, E) be a directed graph and No, Ny € V' such that Gr(Ny) is
an Ni-bounded subgraph. Let p(s) denote the following property.

For every s-path mw, there is a k > 1 such that 7, ...,mx—1 € Nog and
7w € N1, or for all i > 0 we have that m; € Ny.

Then Vs € No.p(s).
Proof. This lemma follows from the definition of Ni-bounded subgraphs. 0O

Lemma 5. Let (V, E) be a directed graph and Ng, N1, No CV such that Ny N
Ny = 0 and Ny C Ny. Let Z C W and (W,C) be Z-well-founded. Let f :
No — W such that f(No \ No) N Z = (. Suppose that Ya € Ny, if a — b, then
(i) b € Ny or (ii) b € Ny and f(b) T f(a). Then Gr(Ng) is an Ny-bounded
Ny-infinite subgraph.

Proof. We have to prove (i) No N Ny = () and succ(No) C Ny U Ny, and (ii)
Gr(Np) is Na-infinite. The former follows easily from the premises. The latter is
argued as follows.

Suppose that Gr(Ny) is not Na-infinite.

Since it is easily verified that Gr(Np) is self-loop free, there must be an
infinite path 7 in Ny such that Ny \ N2 elements appear infinitely many times
in 7.

For m; € Ny, we have f(m;) € W and for m; € (Ny \ N2), we have f(n;) ¢
Z. Therefore we have an infinite chain f(7) = f(mo)f(m1)--- such that non-Z
elements appear infinitely many times on f(7), contradicting to that (W, C) is
Z-well-founded. O

Lemma 6. Let (V, E) be a directed graph and Ny, N1, Ny € V' such that Ny C
No and Gr(Ny) is an Ny-bounded Na-infinite subgraph. Let ¢(s) denote the
following property.



For every s-path w, there is a k > 1 such that 7, ...,mx—1 € Nog and
7w € Ny, or for all i > 0 we have that m; € Ng and there is an | > 0
such that m; € Ny for all j > 1.

Then Vs € No.p(s).

Proof. Let (W,C) = po(Gr(Ny)). By Lemma 3, (W,C) is No-well-founded.
Then by Lemma 2, the conclusion holds.

Lemma 7. Let (V,E) be a directed graph and S, Z,Y C V such that Z C S.
Suppose that Gr(S) is a Y -bounded Z-infinite subgraph. Let (W, C) = po(Gr(S)).
Then W = S and (W,C) is Z-well-founded, and furthermore, if s € S and
s— ¢, then (i) s €Y or (i) s € S and s' C s.

Proof. The first part of this lemma follows from Lemma 3. The second part
follows from the definition of Y-bounded subgraphs and the last part of Lemma
3. O

Some Special Cases of the Lemmas

Lemma 8. Let (V,E) be a directed graph with no infinite paths. Then (S,C) =
po(V, E) is a well-founded set, and furthermore, if (s,s’) € E, then s’ C s.

Proof. This is a special case of Lemma 3, by considering a directed graph
with no infinite paths as an @-infinite directed graph.

Lemma 9. Let (V, E) be a directed graph and Ny, Ny CV such that NoNN; = ().
Let (W,C) be a well-founded set. Let f : Ny — W. Suppose that Ya € Ny, if
a — b, then (i) b € Ny or (i) b € Ny and f(b) T f(a). Then Gr(Ny) is an
Ny -bounded subgraph with no infinite paths.

Proof. This is a special case of Lemma 5 by considering a subgraph with no
infinite paths as an (-infinite directed graph, and replacing Ny with the empty
set.

Y -Terminating Subgraphs

Definition 5 (Y-Terminating Subgraphs). Let (V,E) be a directed graph
and S, Y C V. Gr(S) is a Y-terminating subgraph of (V,E), if SNY =0 and
for every a € S, there is a finite path sq--- sk with sg = a and k > 1 such that
805y Sk—1 €S and s €Y.

Lemma 10. Let (V, E) be a directed graph and No, Ny C 'V such that NoNN; =
0. Let (W,C) be a well-founded set. Let f : Ng — W. Suppose that Va € Ny,
there exists b such that a — b and (i) b € Ny or (ii) b € Ny and f(b) T f(a).
Then Gr(Ny) is an Ni-terminating subgraph.

Proof. It is easily seen by applying an inductive argument over the well-
founded set that for every vertex in Ny, there is a finite path of length > 1 such
that the last vertex in the path is in N7 and the rest of the elements of the path
are in Ny, and since Ng N N; = (), we have that Gr(Np) is an Np-terminating
subgraph. O



Lemma 11. Let (V,E) be a directed graph and S,Y C V. If Gr(S) is a Y-
terminating subgraph, then for every s € S the following hold.

There exists an s-path m such that 7, ...,mp—1 € S and 7, € Y for some
k> 1.

Proof. This follows from the definition of Y-terminating subgraphs. a

Definition 6. Let (V. E) be a directed graph and Y C V. wo(V, E,Y) denotes
the preorder (S,C) with S and C defined as follows.

Let S_1 denote Y.

Let S; for i > 0 be defined as follows.

seS; iff s¢g U |S; and there is an 8' € S;_1 such that (s,s') € E.
- S= szosj.

—C={(s,8)|s€8;,se€S;,j>i>0}U{(s,s)|se S}

By the definition, it is easily seen that (V',C) = wo(V, E,Y) is a well-founded
set, V/CVand V' NY = 0.

Lemma 12. Let (V, E) be a directed graph and S,Y C V such that Gr(S) is
a Y -terminating subgraph. Let (S',C) = wo(SUY,E,Y). Then (S',C) is a
well-founded set and S’ = S, and furthermore, the following hold.

If s € S’ is not a minimal element, then there exists s’ € S’ such that

(s,8') € E and s' C s, and if s € S’ is a minimal element, then there
exists ' € Y such that (s,s") € E.

Proof. This follows from the definition of Y-terminating subgraphs and that
of the definition of wo(SUY, E,Y). O

Y - Weak-Bounded Subgraphs
Definition 7 (Y-Weak-Bounded Subgraphs). Let (V, E) be a directed graph

and S, Y C V. Gr(S) is a Y -weak-bounded subgraph of (V, E), if SNY =0 and
for every a € S, succ({a})N(SUY) # 0.

Lemma 13. Let (V, E) be a directed graph and S,Y C V. If Gr(S) is a Y -weak-
bounded subgraph, then for every s € S the following hold.

There exists an s-path ™ such that 7, ...,mx—1 € S and 7 € Y for some
k > 1, or all vertices on w are in S.

Proof. This follows from the definition of Y-weak-bounded subgraphs. O



3 First Order Kripke Structures

Let B = (F, P) where F is a set of function symbols and P is a set of predicate
symbols be the base for a first order logic. Let Tp denote the set of terms induced
by F, and Lp denote the set of the first order formulas induced by B.

For ¢ € Lp, we use ¢5t> % to denote the result of simultaneously replacing
all occurrences of the free variables x1, ..., x; with respectively eq, ..., e.

Similarly, for e € Tp, we use eg!" % to denote the result of simultaneously
replacing all occurrences of the variables 1, ..., x; with respectively eq, ..., eg.

We use var(¢) to denote the set of free variables appearing in ¢. We say that
¢ € Lp is a formula over V, if var(¢) C V. The set of formulas over V' is denoted
Lpyv. o

For a formula ¢ € Lp 1 with V = {v1,...,v,,}, we use ¢ to denote ¢y "yr .

Let I = (D, Iy) be an interpretation of B.

Let X' denote the set of assignments of variables.

For 0 € X, we use 0 =1 ¢, or simply o = ¢ when I is understood in the
context, to denote I(¢)o = true. In this case, we say that o satisfies ¢.

Sometimes, I(¢)o = true is also written as I(¢)o or ¢(o) when the meaning
is clear from the context.

For d € D, we use o[v/d] to denote an assignment ¢’ such that o’(z) = o(x)
for x #£ v and o'(z) = d for x = v.

An assignment of variables restricted to those of V' is a function in (V' — D).
Such a function is called V-specific assignment.

For a € (V — D), we use (o«) to denote an assignment o’ such that o'(z) =
o(x) for x € V and o'(z) = a(z) for z € V.

Then for ¢ € Lp,v, we have I(¢)(cw) iff I(¢)(c’@) for any 0,0’ € X.

In such a case, we may write I(¢)«a instead of I(¢)(ca), and a = ¢ instead
of oo = ¢.

If o = ¢, we say that « satisfies ¢.

Similarly, for e being a term with all of the variables in V', we have I(e)(ca) =
I(e)(0’a) for any 0,0’ € X, and in such a case, we may write I(e)a instead of
I(e)(oa).

We use o]y to denote o € (V' — D) such that a(v) = o(v) for v € V. Then
for ¢ € Lp v, we have that o satisfies ¢ iff o]y satisfies ¢. For brevity, we may
not always distinguish o and the V-specific assignment oy when they have the
same function in the context.

For a formula ¢ € Lp v, we use §(¢) to denote {o|y | I(¢)(0)}, the set of
V-specific assignments satisfying ¢.

First Order Kripke Structures Let V be a set of variables. We use V' to denote
the set {v' |v e V}.

Definition 8. A first order Kripke structure over (B,V) is a triple (I,p,©)
where I = (D, Iy) is an interpretation of B, p € Lpyuv: is a formula over
VUV, and © € Lpy is a formula over V.

Let (B,V) with V = {v1,...,v,} and M = (I, p,O) over (B, V) be given.



States Let A denote the set of V-specific assignments V' — D. For convenience,
an assignment s € A is called a state. For a set S C A, if s € S, we say that s
is an S-state. For a formula ¢ € Lp v, if s = ¢, we say that s is a ¢-state, or in
other words, a state of ¢. Sometimes, for convenience, we may consider ¢ as a
set of states, i.e., we may not distinguish the formula ¢ and the set {s | s = ¢}.

Transitions Let s, s’ be states. We use s — s’ to denote that there is a transition
from s to s'. s — ¢ iff there is a ¢ € X such that o|y = s and one of the
following holds.

= ofvi/s'(v1)]..[v7. /' (vn)] = p
— Vo'.olvi /o' (v1)]...[v}, /o’ (v)] I~ p and s = s.

The first line represents that there is a transition from s to s’ specified by
p. The second line represents a stuttering step (i.e., a transition step where the
state does not change) when no transitions are specified by p. Notice that the
symbol — is also used for logical implication. The meaning of the symbol is
determined by the context.

Successors If s — s', we say that s’ is an s-successor, or in other words, a
successor state of s. For a set S C A, if s is a successor state of some S-state,
we say that s is an S-successor, or in other words, a successor state of S. For a
formula ¢ € Lpv, if s is a successor state of some ¢-state, we say that s is a
¢-successor, or in other words, a successor state of ¢.

Paths and Computations A path of M is a path of the graph (A, —). A compu-
tation is an infinite path 7 such that 7y = ©. The set of computations of M is
denoted [[M]].

Reachability We say that s’ is reachable from s, if s = s'. Let S be a set of
states. We say that S is reachable from s, if there is a state s’ € S such that
s 8.

Nonstuttering Models A nonstuttering model is a model that stuttering steps
are not allowed unless the current state is a state at which there are no other
choices for making a transition step. Suppose that we have variables over nat-
ural numbers or over any domain with at least two values. Then a first order
Kripke structure over (B, V) not satisfying the nonstuttering condition can be
transformed into a model satisfying the condition by adding a new variable to
V and modifying p to p’ such that the value of the variable changes at every p’
step. Without loss of generality, in the following, we only consider nonstuttering
first order Kripke structures, and assume that M = (I, p,©) over (B, V) and
I = (D, 1) are given.



3.1 On Weakest Preconditions

Definition 9. Let ¢ € Lp v be a formula. The one step weakest precondition
of ¢ with respect to M, denoted [M,¢|, or simply written as [¢], when M is
understood in the context, is defined as follows.

[6] 2 (Vo) - vy (p = &) A (B0} -0l p V B)).

Intuitively, [¢] represents the set of states in which every state has all its
successors in ¢. This is clarified by the following lemmas.

Lemma 14. ¢y — [¢1] iff every ¢o-successor is a ¢q-state.
Proof.

— The if-part.
Suppose that s is a ¢g state implies that if s — s’ then s’ is a ¢ state.
Suppose s is a ¢g state and s & Yoy ---v),.(p = 1) A (Tl - vl.pV P1).
We show that there is a contradiction.
We have two cases:
(1) s = Voi - vp,.(p = $1);
(2) sy -0 .pV .
In the first case, we have s |= Jv] ---v],.(p A =¢));
Let o be an assignment such that o|y = s.
There is an s’ such that o[v] /s (v1)]...[v},/s" (vn)] E p A .
Then we have s — s’ and s’ |E —¢, contradicting to the first supposition.
In the second case, we have s |= Vo) -+ vl,.(-p) A —¢r;
Let o be an assignment such that o|y = s.
Then we have s — s and s = —¢7, which yields also a contradiction.
— The only-if part.
By definition, we have the following.
b0 — 6] if g — V0L - . (p — 64) A (B0 -+ 0lp V ).
Suppose that ¢g — [¢1] holds, s is a ¢ state and s — .
We have to prove that s’ is a ¢; state.
Since s = ¢o, we have s = Vvl vl (p = @) A (] - v.pV d1).
Let o be an assignment such that o|y = s.
Then we have o =Vo] -+ v),.(p = 1) A (Fv) - v,.pV é1).
Since s — s’, we have two cases:
(1) ool /s ()] [0, /5" (v0)] = ps
(2) Yo'.a[vy /o' (v1)]...[v}, /0’ (vn)] = p and 8" = s.
In the first case, since we already have o |= Vo ---v),.(p = ¢}), we have
ovy/s (v1)]...[v, /s (va)] E @), and therefore s’ is a ¢; state.
In the second case, since we already have o |= Jv}---v).p V ¢1, we have
o & ¢1, and therefore s = ¢;.
Then since s’ = s, we have s’ = ¢1.

Lemma 15. If every s-successor is a ¢-state, then s is a [¢]-state.



Proof. Let ¢ be the representation of s, i.e., ¢s(o) holds iff o|y = s. Suppose
that every s-successor is a ¢-state. Then by Lemma 14, we have ¢5 — [¢]. Then
every ¢s-state is a [¢]-state. Therefore s is a [¢]-state. O

Lemma 16. Let g and ny be first order formulas. Suppose that no A [m] — m
holds. Let N; = 6(—n;) for i = 0,1. Then Gr(Ny \ No) is an (N1 N No)-weak-
bounded subgraph.

Proof. Let s € (N1 \ Np), i.e., s satisfies = and 7.

By the premise and Lemma 15, not every successor of s is an 7, state, i.e.,
there is an s-successor s’ such that s’ is a —; state, i.e., s’ € Ny.

This means that for every s € (N1 \ Np), suce({s}) N Ny # 0, and therefore
Gr(Ny \ Np) is an (N7 N Ny)-weak-bounded subgraph, since Ny = (N7 \ Np) U
(N1 N Np). O

Lemma 17. Let ng and n1 be first order formulas. Suppose that —ng Amy — [m1]
holds. Let N; = 6(n;) for i = 0,1. Then Gr(N;y \ No) is an (N1 N No)-bounded
subgraph.

Proof. Let s € N1 \ Ny, i.e., s satisfies 7; and —n.

By the premise and Lemma 14, every successor of s is an 7); state, i.e.,
succ({s}) € Ny.

This means that succ(Ny \ Ng) € Ny, and therefore Gr(N; \ Np) is an
(N1 N Nyp)-bounded subgraph, since N1 = (N7 \ No) U (N1 N Np). O

Lemma 18. Let ng,m,m2, w,u € Lp such that w,u are formulas with = as
the only free variable. Let e € T, C be a binary predicate symbol of P, and
v be a wvariable not appearing in ng,m, N2, e, w,u. Let W = {o(x) | I(w)(o)}
and Z = {o(x) | I(w A u)(o)}. Suppose that (W, Io(C)) with W C D is Z-well-
founded, no A—ng = —ug, and Vv.(ng — (Wi A (e =v = [m V(noAe T v)]))). Let
No = 0(n;) fori=0,1,2. Then Gr(Ng\ N1) is an N1-bounded ((No\ N1)N N3)-
infinite subgraph.

Proof. Let Nj = No\ N7 and Nj = NjNNs. It is easily seen that NN Ny = 0,
Nj C Nj.

By weakening the premise, we have Yv.(ng A = — (Wi A (e =v — [m V
((no A =m) Ae 2 v)]))).

Let f be defined by f(o) = I(e)(o).

Since we have ng A =11 — ws, no A —mz — —ug and Yu.(no A -1 — ((e =
v = ([m V ((no A—m) Ae v)])))), it is easily seen f is a mapping from N/ to
W such that f(N}\ N2) N Z = 0 holds, and the supposition in Lemma 5 holds.
Therefore by Lemma 5, Gr(N{) is an Ny-bounded Nj-infinite subgraph. O

Lemma 19. Let ng,m,w € Lp such that w is a formula with x as the only free
variable. Let e € Tg, T be a binary predicate symbol of P, and v be a variable not
appearing in 1o, m,e,w. Let W = {o(x)|I(w)(o)}. Suppose that (W, Io(C)) with
W C D is a well-founded set, and Yv.(no — (ws Ale =v — [mV(noAe Cv)]))).
Let Nog = 0(n;) for i =0,1. Then Gr(Ng \ N1) is an Ni-bounded subgraph with
no infinite paths.



Proof. This lemma is a special case of Lemma 18, with w and 72 replaced by
false.

Lemma 20. Let ng,m,w € Lp such that w is a formula with x as the only free
variable. Let e € Tp, T be a binary predicate symbol of P, and v be a variable
not appearing in no,n1, e, w. Let W = {o(z) | I(w)(co)}. Suppose that (W, IH(C))
with W C D is a well-founded set, and Yv.(—ny — (WS A ([((m A (e T v — n9)] —
e #v)))). Let N; = 0(—m;) fori=0,1. Then Gr(Ng \ N1) is an Ny-terminating
subgraph.

Proof. Let Ny = No\ Ny = 0(=(noV —m1)). It is easily seen that NjN Ny = .

By weakening the premise, we have Yv.(=(noV-m1) = (WA ([(mA(eC v —
(no V=m))] = e #v)))).

Let f be defined by f(o) = I(e)(o).

Since we have —(ng V —n1) = wS and Yu.(-no — ([(m A (e T v — —(no V
-m))] = e # v))), it is easily seen f is a mapping from N} to W, and the
supposition in Lemma 10 holds. Therefore by Lemma 10, Gr(N{) is an N;-
terminating subgraph. ad

3.2 On Sufficiently Expressive Underlying First Order Logics

In order to be able to formulate necessary assertions on states for specification
and verification purposes, we assume that the underlying first order logic is
sufficiently expressive. The expressiveness condition assumes the following.

— If a representation of a set of states is needed, then the set is representable
by a first order formula.

— If a relation is need for comparing elements of a weak well-founded set, then
the relation is representable by a predicate symbol.

— If a function is needed for mapping a set of states to values, then the function
is representable by a term.

Suppose that w,u are formulas with = as the only free variable, and C is a
binary relation symbol.

Let W = {o(z) | I(w)(0)} C D and Z = {o(x) | I(w Au)(c)} CW.

We say that w,u and C define a weak-well-founded set, if (W, Iy(C)) is Z-
well-founded. As a special case, if (W, I(E)) is well-founded, we say that w and
C define a well-founded set.

Then we have the following notations and remarks that concretizing the
expressiveness condition.

— For S being a set of states, we use F (S) to denote the first order formula
representing S, i.e., I(F (S))(s) holds iff s € S.

— For (W, <) being a Z-well-founded set where W is a set of states and Z C W,
there are formulas w, v with x as the only free variable, and a binary relation
symbol C, such that w,u and C define a weak-well-founded set.



— Furthermore, suppose that W' = {o(x) | I(w)(0)} and Z' = {o(z) | I(w A
u)(0)}. Then there is a term e such that I(e) represents a function f from
W to W’ satisfying b < a iff (f(b), f(a)) € Io(E).

Lemma 21. Let (V,—) be a directed graph and S,Z)Y C V. Suppose that
Gr(S) is a Y-bounded Z-infinite subgraph. Then there are e,w,u and C such
that they define a weak-well-founded set and the following hold.

- F(S) A (2) s
—FS)EwiAn(e=v—=[FY)V(F(S)AeC v)]);

Proof. Let (W,Cg) = po(Gr(S)). By Lemma 7, W = S and (S,Cg) is a
Z-well-founded set. By the expressiveness condition, there are an expression e,
first order formulas w,u, a symbol C, a set W = {o(z) | I(w)(c)} € D and a
set Z' = {o(x) | I(w A u)(o)} such that the following hold.

— (W', 1)(C)) is Z'-well-founded,
—seSiff I(e)(s) e W/,

—-seZiff I(e)(s) € Z',

~ (5,) € Cs iff (I()(3), I(e)(5))) € o(C).

By the construction, we have F (S)A—F (Z) |= —u& and F (S) | wg, explained
as follows.

— Suppose that I(f (S))(s) holds.
Then we have s € S, I(e)(s) € W, I(w)(o[x/I(e)(s)]), and therefore I'(w)(s).
— Suppose that I(=F (Z))(s) holds.
Then we have s € Z, I(e)(s) &€ Z', I(w A u)(olz/I(e)(s)]) = false.
Suppose that I(F (S) A =F (Z))(s) holds.
Then we have I(u)(o[z/I(e)(s)]) = false, I(-u)(c[z/I(e)(s)]) = true, and
therefore I(—uS)(s).

Let s be a f (Y) state.

By Lemma 7, if s — ¢, then ¢’ is either in Y or in S. Then we have F (S) —
[F(Y)V F(S)]. In addition, if s’ € S, then (¢, s) € Cg, i.e., (I(e)(s),I(e)(s)) €
Iy(C). Therefore F(S) mwiA(e=v— [F(Y)V(F(S)AeC v)]). O

Lemma 22. Let (V,—) be a directed graph. Let S, Y C V. Suppose that Gr(S)
is a Y -bounded subgraph with no infinite paths. Then there are e,w and = such
that they define a well-founded set and

FS)EwsANle=v—=[FY)V(F(S)ANeC v)]).

Proof. This is a special case of Lemma 21 by considering a subgraph with no
infinite paths as an (-infinite directed graph, and replacing Z with the empty
set and u with false. O

Lemma 23. Let (V,—) be a directed graph and S,Y C V such that Gr(S) is
a Y -terminating subgraph. Then there are e,w and T such that they define a
well-founded set and

FS)EwiA(=FXY)A (e v— —F(S))] —e#v).



Proof.

Let (W,Cg) = wo(SUY,—,Y). By Lemma 12, W = S and (5,Cg) is a
well-founded set. By the expressiveness condition, there are an expression e, a
first order formula w, a symbol C, a set W’ = {o(z) | I(w)(c)} C D such that
the following hold.

— (W', 1H(C)) is a well-founded set.
—seSiff I(e)(s) e W',
— (s,8") € Cg iff (I(e)(s),1(e)(s")) € Ip(E).

By the construction, we have fF (S) = w¢.

Let s be a f (S) state.

By Lemma 12, if s is a minimal element of S, there exists an s-successor s’
such that s’ is a Y-state, i.e., s is not in [=F (Y) A (e C v = —F (5))] for every
v such that v = I(e)(s). On the other hand, if s is not a minimal element of S,
then there exists an s-successor s’ such that s’ is an S-state and (s',s) € Cg.
This means that we have (I(e)(s'),I(e)(s)) € Ip(C), and for every v such that
v = 1I(e)(s), s’ is an F(S) state and (I(e)(s'),v) € Io(C). Therefore F(S)
wWEN([FFY)A(eCv——F(Z))] = e#v). O

4 LTL Formulas

Let (B, V) be given. In the following, we present a first order linear time temporal
logic (LTL). The logic was introduced in [33] and the following presentation can
be seen as a subset of the one in [28].

Syntaz Let ¢ range over Lp y. The set of LTL formulas over (B, V) is defined
as follows.

Pu=¢| D |PND|DVD|D | XD|FO|GP|PUD| PR

Semantics Let the first order Kripke structure M = (I, p,0) over (B,V) be
given.

Definition 10. Let 7w denote an infinite path of M. Let ¢ (possibly with sub-
scripts) denote an LTL formula. That the path 7 satisfies ¢, denoted m |=pr @,
or simply m |= ¢ when M is understood in the context, is defined as follows.

TE e ifp € Lpy and I(p)(my) = true
T ifm e

TEw Ve ifTE o ormE @1

TEw A1 if T po and T = @1

T o = o1 if T = o implies T = o1

TE Xp ifrl =

TEGe  ifYi>0(r )

7w Fo if 3i > 0.(7" = )

T EelUpr if3i>0.((r" = P1) ANVj < i.(md E %0))
T poRp1  if Vi > 0.(V] < i.(m o) = (7 = 1))




Definition 11. M = ¢, if © |= ¢ for every computation 7 € [[M]].

Definition 12 (Equivalence). Let g and @1 be two LTL formulas. o and
w1 are equivalent, denoted po = @1, if for every first order Kripke structure M
over (B, V), we have M = o iff M = 1.

For convenience, we use L to denote the logical constant false (or the formula
t # t for some ground term ¢t of the first order language, assuming that the set
of ground terms is not empty), and T to denote the logical constant true.

In addition to the traditional binary operators U and R, we introduce two
quinary operators U and R. The quinary operators are a kind of generalization
of their respective binary ones, with the following interpretation.

woU (@1, 92,03, 04) = poU (w1 V (p2Rp3) V Fey)
woR(p1, 02,03, 04) = poR(p1 A (p2Up3) A Gipy)

The motivation of adding the quinary operators is to have a single opera-
tor (with its dual one) to cover the set of CTL* properties considered as the
interesting ones in [11]. We have the following equivalences.

Fo=TUp
Go = 1Ry
SDOUQOl = SOOU(SDM J—a J—v J—)
polp1 = poR(p1, T, T, T)
ﬁ((JDOR((pla Y2, P3, 904)) = (ﬁQOOU("Lpla Y2, 7P3, j(;04>)
(ol (1, ¥2, 93, 04)) = (mpoR(—p1, 702, 73, ~p4))
PoU (1, 02,03, pa) = (poUp1) V (0ol (p2Rep3)) V Fpa

Normal Form An LTL formula is in the negation normal form (NNF), if the
negation — is applied only to first order formulas and the formula does not
contain the symbol —. Let NNF(X,U,R) denote the set of NNF formulas with
temporal operators only in {X, U, R} where U, R are the two quinary operators.
Let ¢ range over Lp . The set of NNF(X,U,R) formulas is defined as follows.

Pi=¢|OND|OVD| X D| DU (D,5,8,8) | D R (P, d,P,P)

Every LTL formula can be transformed into an equivalent one in NNF(X,U,R).
Then without loss of generality, we only consider NNF(X,U,R) formulas. Formu-
las not in such a form are considered as an abbreviation of the equivalent ones
in NNF(X,U,R).

4.1 A Proof System

In the following, we use ¢ to denote a first order formula, I" to denote a set of
first order formulas, and ¢ to denote an LTL formula (in NNF). For brevity, we
sometimes write ¢ for {¢}, and I, ¢ for I' U {¢}.

— A state s is called a @-state, if Vr(s).(m = ¢).



— A state s is called a ['-state, if it is a ¢-state for every ¢ € I'.

Since a first order formula ¢ is also an LTL formula, whether a state is a
¢-state may be determined by this definition. This usage coincides with the
meaning of ¢-states defined in the previous section.

For convenience, the set of ¢ states is denoted 0(y), and we use 6(p) to
denote the set of states such that each of the states is a starting point for some
path satisfying —p.

Definition 13. I' = ¢, if every I'-state is a p-state.
Proposition 1. M E ¢ iff © E .

This proposition is a consequence of the definitions of M = ¢ and © = .
In the following, we present a proof system for I" = .

Lemma 24. Let ng and n1 be first order formulas. Suppose that —ng Amy — [n1]
holds. Then m = noRms.

Proof. Let N; = 6(n;) for i =0, 1.

By Lemma 17, Gr(N7 \ Ny) is an Ny N Np-bounded subgraph. Following from
Lemma 4, we have n1 A —no | no R

Since it is trivially that n1 A 7o = noRn1 holds, we have n; | no R . O

Lemma 25. Let ng,n1,m2,w,u € Lp such that w,u are formulas with x as
the only free variable. Let e € Tp, T be a binary relation symbol of P, and v
be a variable not appearing in 19, N1, M2, e, w,u. Let W = {o(z) | I(w)(c)} and
Z = {o(zx) | I(w A u)(o)}. Suppose that (W, I4(C)) with W C D is Z-well-
founded, no A —m2 — —us and Yv.(ng — (Wi A (e =v — [m V(o Ae T v)]))).
Then no V1 = (moUny) v (Glmo) A FG(115)) holds.

Proof.

Let X; = 6(n;) for i =0,1,2.

Let NQ = )(()\)(17 N1 = Xl and NQ = NO QXQ.

By Lemma 18, Gr(Np) is an Nj-bounded Ns-infinite subgraph. Following
from Lemma 6, we have g A =11 = X (((no A—m1)Un1) V (G(no A—m1) AFG(no A
i A)).

Since it implies g A=y = (noUn1) V (G (o) AFG(n2)) and it is trivially that
m = (noUmn) V (G(no) A FG(n2)) holds, we have 1o V1 = (noUn1) V (G(no) A
FG(n2)). U

Lemma 26. Let ng,m,w € Lp such that w is a formula with x as the only free
variable. Let e € T, T be a binary relation symbol of P, and v be a variable not
appearing in 1o, m,e,w. Let W = {o(x)|I(w)(o)}. Suppose that (W, Io(C)) with
W C D is a well-founded set, and Yv.(no — (wgA(e=v — [mV(noAe Cv)]))).
Then no V1 | noUny holds.

Proof. This lemma is a special case of Lemma 25, with « and 72 replaced by
false.



Proving First Order Formulas When ¢ is a first order formula, I" = ¢ holds
iff the conjunction of the formulas of I" implies ¢. We assume that we have an
underlying proof system for proving I' = ¢ in this case. We assume that this
proof system is powerful enough such that we can freely use the usual first order
reasoning techniques.

Proving Temporal Formulas Let B = (F, P) be given. Let e (possibly with
subscripts) denote a term of the first order logic, w, u denote first order formulas
with x as the only free variable, v denote a variable, 1 denote a first order
formula, and C denote a binary relation symbol of P. A set of reduction rules
(referred to as RED-rules) is provided in Table 1. The reduction rules are used
to reduce a proof of a formula to proofs of simpler ones (by using the rules
backwards).

For the application of the rule involving both of w and wu, it is required
that w,u and C define a weak-well-founded set. For the application of the rule
involving w without the accompanying u, it is required that w, C define a well-
founded set. Similar restriction applies to wi,C; as well. In addition, v,v; are
required to be variables not appearing in any places other than those explicitly
specified in the rule.

Remark Notice that the use of terms to represent values imposes a restriction
on the applicability of the rule, since what a term can express is constrained
by the available symbols specified in B. As discussed in [24], one may as well
use formulas for representing values in a rule. For simplicity, we still use terms
for representing values. Besides using formulas for increasing the expressivity,
for practicality, one may extend the set of symbols in B, which is discussed in
Section 6.3.

Derived Rules For convenience, we formulate a set of derived rules for the unary
operators F, G and the binary operators U, R. The rules are presented in Table 2.
The name R indicates that the rule is derived from the rule R for the operator
G, and Rp indicates that the rule is derived from the rule R for the binary
operator R. The other two names have similar meaning. The explanation of the
derivation is in the following table, where the meaning of the rows is as follows:
The rule indicated in the column Rule is obtained from the rule in the column
Origin by replacing the formulas listed in the column T'rue with T and replacing
those in the column False with L.

Rule |Origin |True False

Rr |R 02,93, P4, M3, M4 |12

Uy |U 02, ©3, P4, 12, M3, M45 M55 16, U
Rg |Rgr ©0, Mo

Ur |Uy Yo

Uvr U ©1, P4, M1, M4, M5




Table 1. RED Rules

I' - o I' ¢
I'E @o A1
Mo = ¢o b1 I'noVvm
I'= 9o V o1
X m ke I F ]
TF Xo1
Mo F o
m e
N3 b o3
N1 pa
m (N2 Vn3) Ana
M1, Mo F (1]
N4 = [n4]
R N2 2 Awi Ale=v— [n3V(n2Ael v)])
I'+m
T'F poR(p1, 02, 3, Pa)
m ko1
n2 w2
ns F 3
N1 b pa

M6, 7N2, 74 = [16]

M6, M3 =1

no, M3 F —ug
Mo o Awg Ale=v — [ VneV(noAel v)])
U s F (wi)S1 A (ex =v1 — [ma V(5 Aey C1 v1)])

'+ n

5 V 14

o V11V ne

I'F poU(p1, 2, ¢3, pa)

Table

2. RED Derived Rules

Ra

RRr

Uur

m e m F [m) I'tm
'+ Gep1
10 = ¢o m - e1 N1, 7m0 F [n1] I'tm
I' poRer
no b wg Ale=v — [0V (no AeC v)]) k1 I'FnoVm
TF For
Mo po ANwg A(e=v = [n1V(noAel v)]) mb e I'tFnoVm
I't poUepr
n2 b 2
n3 b 3
M6 = N3
M6, M2 F [n6]
Mo, "Mz F —ug
no koo Awi A(e=v — [ns V (no AeC v)])
I' - mo V ne
' ooU(p2Rp3)




4.2 Soundness
In the following, we prove that the proof system is sound.
Theorem 1. If '+ p, then I = .

Proof by induction. If ¢ is a first order formula, then that I" - ¢ implies
I' E ¢ is implied by the assumption on the soundness of the underlying proof
system for the first order logic. For the RED-rules, we consider the rules case by
case as follows.

Case 1. A.

Suppose that we have I' = ¢ and I' = 1. We prove I' = @ Ay as follows.
Let s be a I'-state. Then s is a state of ¢y and s is a state of ¢;. Therefore
s is a state of @g A 1.

Case 2. V.

Suppose that we have n9 = ¢o, m = ¢1, and I' = 19 V 1. We prove
I' = @o V 1 as follows.

Let s be a I'-state. Then s is a state of 1y V 7.

Since 1o and 7 are first order formulas, either s is a state of g or s is a state
of 1. Then either s is a state of ¢ or s is a state of ¢;. Therefore s is a state
of o V 1.

Case 3. X.

Suppose that we have 11 = @1 and I' |E [1]. We prove I' = X g as follows.

Let s be a I'-state. Since we have I' |= [n;1], by Lemma 14, every s-successor
is an 7 state. Therefore every s-successor is a ¢ state. Therefore s is a state of
X(pl .

Case 4. R.

Suppose that the premises hold.
By the 6th premise and Lemma 24, we have the following.

(i) m E noBRm

By the 1st and 2nd premises, we have (i’) 171 = @oRp1.

By the second part of the 8th premise and Lemma 26, we have 1y V 13 |=
1n2Uns, and then by the first part of the 8th premise and the 3rd premise, we
have the following.

(ii) m2 V n3 = w2Ups

Suppose that I' = poR(p1, v2, @3, p4) does not hold.

Let s € I" and 7 be an s-path such that 7 = —¢oU (-1 V(—p2 R—¢3)VE—py).
By the 9th premise, we have that s is an 7, state.

We prove that there is a contradiction. We have three cases.



— Case 1: 7 | —~poU—1.
By (i), mo is not an 7; state, contradicting to that s (we have 7y = s) is an
11 state.

— Case 2: m | —~¢oU (—¢2R—p3).
Then there is a k& > 0 such that 7%, ..., 7%~ satisfy =@ and 7% satisfies
2R3,
By the 1st premise, 7, ..., Tx—1 are not 7y states.
On the other hand, by (i), s is an n9Rm state, and then since m, ..., Tr—1
are not 7y states and my = s, we have that 7 is an 7, state.
By (ii), we have 13 V 03 = @p2Ugs.
Then by the 5th premise, we have 11 = paUps, and therefore 7y, is a pa2Ups
state, contradicting to that 7" satisfies =y R—3.

— Case 3: 7 |= F-py.
Then there is a k& > 0 such that 7% satisfies Q4.
This means that 7 is not a ¢4 state.
Since s is an n; state, s is a @4 state, by the 5th and 4th premises.
Then we have k£ > 1.
Without loss of generality, we may assume that k is the least 7 such that m;
is not a 4 state.
According to the 7th premise, m,_1 cannot be a ¢4 state, contradicting to
the above assumption.

Case 5. U.

Suppose that the premises hold.
By the 5th premises and Lemma 24, we have ng = (12 V 14) R(16), and then
by the 6th premise, we have the following.

(i) n6 = (n2 Vna)R(ns V na V 13).

By the 7th premise, the second part of the 8th premise and Lemma 25, we
have the following.

(ii) mo Vi Ve = (moU(m V ne)) V (G (o) A FG(n3))

By the 9th premise and Lemma 26, we have the following.

(iii) s Vs = nsUna

Suppose that I = U (1, p2, 3, 04) does not hold.

Let s € I' and 7 be an s-path such that 7 = =g R(—p1 A(—p2U—p3) AG—¢y).

By the 10th premise, s is also an 79 V m1 V 1 state.

Let ¢ denote (1 V (p2Rps) V Fy).

Then 7 | —poR—, e, m = ((-)U(—9 A =¢g)) V G—1p. We prove that
there is a contradiction. We have two cases.

— Case L: m |= (=))U (=9 A —¢0).
Then 77 satisfies -4 for all j > 0, and there is a k£ > 0 such that 7 satisfies
—g, and 7 satisfies =, and ~@oU—3 for i = 0,1, ..., k.



By the first part of the 8th premise, 7 is a - state.
By the 1st premise, 7, ..., T are —n; states.
By the 4th premise, 7/ satisfies -4 for all j > 0, and then by (iii) 7; is not
an 75 V 14 state for all j > 0.
Then by (i), 7o, ..., Tk are —g states.
Otherwise, we have a contradiction explained as follows.
Suppose that 7; is an 7 state for some 0 < j < k.
Then 7/ [= (12 V 0a) R(5 V 12 V 113).
Since 75 and 7y are not satisfied on any position on 7/, we have 7/ =
(n2)R(n3), and therefore 7/ = (¢2)R(p3) by the 2nd and 3rd premises,
which yields a contradiction to that 7* satisfies —=poU—p3 for ¢ = 0,1, ..., k.
This explains that g, ..., 7 are —ng states, and then we have that m does
not satisfy (noU(n1 V 1)) V (G(no) A FG(n3)).
This contradicts to (ii), since mo = s is an 1y V 11 V ng state.

— Case 2: m = G—.
Then 7/ satisfies —py4 for 5 > 0, and for all ¢ > 0, we have 7t satisfies 1
and —poU—ps.
Similar to the argument in Case 1, 7; is a —n; state and a —ng state for all
Jj=0.
In addition, since 7* satisfies =poU—3 for all i > 0, there are infinitely
many positions on 7 satisfying —¢s.
By the 3rd premise, the states on these positions are —n3 states, and then
we have that m does not satisfy (noU (m1 V 16)) V (G(10) A FG(13)).
This contradicts to (ii), since my = s is an 1y V 71 V g state.

4.3 Relative Completeness

Relativeness The relative completeness! assumes the expressiveness condition

stated in Section 3.2 and the following condition on the underlying first order
proof system.

If ¢ is a first order formulas and I' F ¢ is needed as a premise in the
proof, then I' I ¢ is provable by the underlying first order proof system
when I' = ¢ holds.

In the following, we prove that the proof system (with the set of RED-rules)
is relatively complete for a subset of LTL defined as follows.

! Relative completeness is a notion for separation of concerns on techniques for ma-
nipulating programs and techniques for manipulating formulas of the underlying
logic, and there has been a lot of research work discussing completeness and relative
completeness, e.g., [9,2, 22, 36].



Simple LTL Formulas Let ¢ range over Lp . The subset of LTL, denoted
SL, and called simple LTL formulas, is defined as follows (parts of the definition
resemble that of LIN and ULIN in [6]), with UL being an auxiliary subset of SL.

SL ==SLV¢|¢VSL|SLASL|X(SL)|¢ R (SL,¢,¢,¢) | ¢ U(¢, ¢, ¢,¢) | UL
UL =6 |SLU ¢|¢U (UL)|ULV ¢| ¢V UL

Lemma 27. Let U1 be an LTL formula. If w satisfies G(—)), then 7 satisfies
G(=(eUv)).

Proof. This follows directly from the semantics. a
Lemma 28. Let vy be a UL formula. Suppose that 7 is an infinite path such that
starting from every position of m there is a path satisfying —p. Then w satisfies
G(=¢).

Proof. In case ¢ is a first order formula, from every position of 7 there is a

path satisfying —) implies that every position of 7 satisfies =), and therefore 7
satisfies G(—). The rest of the cases is proved inductively as follows.

Case 1. ¥ = (pUr) where ¢ is an SL formula and r is a first order formula.

Since from every position of 7 there is a path satisfying —r, we have that =
satisfies G(—r). By Lemma 27, 7 satisfies G(—).

Case 2. v = (rUt) where r is a first order formula and v; is a UL formula.

Since from every position of 7 there is a path satisfying —, we have that
from every position of 7 there is a path satisfying =1, and then by the inductive
hypothesis, we have 7 satisfies G(—;). By Lemma 27, 7 satisfies G(—).

Case 3. 1 = (11 V r) where r is a first order formula and ; is a UL formula.

Since from every position of 7 there is a path satisfying —), we have that
every position of m satisfies —r and from every position of 7 there is a path
satisfying —)1. The former implies that 7 satisfies G(—r), and by the induc-
tion hypothesis, the latter implies that 7 satisfies G(—)1). Therefore 7 satisfies

G(—¢).
Case 4. 1 = (r V 11) where r is a first order formula and ; is a UL formula.

This case is similar to the previous one. a

Definition 14. Letr denote a first order formula, @ denote an SL formula and
¥ denote a UL formula. fo() is defined as follows.

fo(r) =r
fg(wo V1) = fo(vo) V fo(th1)
foleUt) = fo(¥)

fo(1) maps a formula to a first order formula.

Lemma 29. Let w be a path and v be a UL formula. If mg = fo(v), then w |E .

Proof. It is easily seen this lemma holds by an application of structural in-
duction.



Separation of a Path

Lemma 30. Let 7 be a path and ¢ be a UL formula. If m |= 1, then my = fo(¥)
or ™ = 1.

Proof. In case 1 is a first order formula, we have 7 = ¢ iff 7y | ¢ iff
7o = fo(). The rest of the cases is proved inductively as follows.

Case 1. ¥ = (oUr) where ¢ is an SL formula and r is a first order formula.

If 7 £ r, we have 7! = Ur. Otherwise, we have 7y = r and therefore

mo = fo(¥).

Case 2. 1 = (rUy) where r is a first order formula and v, is a UL formula.

If m £ 11, we have 7! |= rUt;. Otherwise, by the induction hypothesis,
either mp = fo(t1) or ' = 41. In the former case, we have 7y = fo(?), since
fo(¥) = fo(rb1). In the latter case, we have 7t = rU1y.

Case 3. 1 = (11 V r) where r is a first order formula and ; is a UL formula.

If 7y = r, we are done. Otherwise, m = 1. By the induction hypothesis,
either o = fo(w1) or ! = 91. In the former case, we are done, since fo(1)) =
fo(¥1) Vr and therefore we have 7y = fo(1). Otherwise, we are also done, since
we have 7! =4y V1.

Case 4. 1 = (r V 11) where r is a first order formula and ; is a UL formula.
This case is similar to the previous one. a

Lemma 31. Let ¢ = poU (1, 2, @3, 04) € SL be an SL formula with g, ..., v4
being first order formulas. Let m be a path. If m = ¢, then mo = w1 or mo E
2 A3 or o = @4 or T = .

Proof. We have three cases: m = poUp1, m = @oU(p2Res) and m | Foq

— Case 1: 7 = poUeps.
By Lemma 30, we have 7y = fo(poUp1) or 7t = . Since fo(poUg1) =
folp1) = @1, we are done.

— Case 2: 7 |= @oU (p2Rps).
Then we have 7 |= (p2 A ¢3) V (03 A X(p2Rep3)) V (0o A X (U (p2Re3))).
Then we have mp = p2Aps or 1 = (p3AX (02Rp3))V (0o AX (0ol (w2 Rep3))).
In the former case, we have 7y |= @2 A 3, and in the latter case, we have
! E .

— Case 3: m = Fa.
Then we have 7 |= 4 or 7 = Fpy4, and therefore 7o = ¢4 or 7! = .

O

We provide some definitions and lemmas for dealing with formulas of the

forms Uy and @oU (1, 02, @3, 04).



Definition 15. Let ¢ = poU(¢1, 2,3, ¢a). The set S3 and S, are defined as
follows.

— s €87, if s is a (p2Rp3) V Foy state.

— SE€ Sy, if s is a ¢ state and not a 1 state and not an Sy, state.

The set Syuvyp,, Where Uy is a special case of wolU (@1, 92, 3,04), is
defined according to S, that is, s € Sy,vy, iff s is a Uy, state and there is
an s-path satisfying —1. It is easily seen that the following hold.

— If o, ..., ¢4 are first order formulas, then every S, state is a (g state.

— If poU¢; is a UL formula, then every S, v, state is a g state.
This can be seen from that for a UL formula poUp; and a state s, it is
not the case that there exist s-paths 7 and ¢ such that 7 = ¢¢ A =1 and
¢ | w0 A 1, since at least one of ¢y and ¢, is a first order formula.

Lemma 32. Let pU® be a UL formula. Then Gr(S,uy) is a directed graph
without infinite paths.

Proof. Suppose that there is an infinite path. We prove that there is a contra-
diction. Let m be an infinite path. Since all the states on the path are in Sy,
we have that there is a path satisfying —1 from every such state, and then by
Lemma 28, 7 satisfies G(—)), contradicting to that 7y is a U state. O

Corollary 1. Let pU1 be a UL formula. Let (S,Couy) = po(Gr(Seuy)). Then
(S,Cyuuy) is a well-founded set, and furthermore, if s,s" € S,uy and s — &,
then s’ Cyuy .

Proof. This follows from Lemma 32 and Lemma 8. a
Lemma 33. Let U be a UL formula. Then Gr(Seuy) is 6(3)-bounded.

Proof.

Firstly, it is easily seen that Sypy N 60(¥) = 0 from the definition.

Secondly, suppose that s is a state of S,y7y. Since there is a path 7 starting
from s such that 7 = —), by Lemma 29, s (i.e., mp) does not satisfy fo(2).
We have fo(pUv) = fo(v). Since every path starting from s satisfies U
and s does not satisfy fo(pU1), by Lemma 30, for every such path 7, we have
7! |= @U1. Therefore such a 7 is a state of @U1. If 7 is a state of ¢, we are
done. Otherwise, 7 is a state of S,py.

Therefore Gr(S,u) is 8()-bounded. O

Lemma 34. Let poUg; be a UL formula. Let ng = F (Spuy,) be the repre-
sentation of Spaue,, and m = F (0(¢1)) be the representation of the set of ¢
states. Then there are e,w and T such that they define a well-founded set and
nEwiA(e=v—[mV(nAelC v)]).

Proof. This lemma follows from Lemma 22, with the following instantiation
of S,Y.



- S:SWOUVJl'
=Y =0(¢1).

The conditions in Lemma 22 are ensured by Lemma 32 and Lemma 33. O

Lemma 35. Let Fy; be a UL formula. Let ng = F (0(—p1 A Fq)), and 1 =
F(0(p1)). Then there are e,w and T such that they define a well-founded set
and no Ews A(e=v—[m V(o AeT v)]).

This is a special case of Lemma 34 with poUp; replaced by Fy1 and Sp,vy,
replaced by 0(—p1 A Fy). O

Lemma 36. Let ¢ = poU (1, 2, @3, p4) € SL be an SL formula with g, ..., v4
being first order formulas. Then Gr(S,) is a 0(p3)-infinite directed graph.

Proof.

(1) Suppose that there is an infinite path in Gr(S,) such that -3 states
appears infinitely many times. We prove that there is a contradiction.

Let 7 be such an infinite path.

By the construction of S,, 2 and ¢3 cannot be satisfied at the same time
on any position, otherwise, the state violates the condition that from the state
there is a path satisfying (—p2U—p3) A G(—p4).

Since on m, —g3 is satisfied infinitely many times, and s and @3 are not
satisfied at the same time on any position, @3R3 is not satisfied on any position.

In addition, since ¢4 is a first order formulas, ¢, is not satisfied on 7% for
any 7 > 0, and F,4 is not satisfied on 7.

Since every state on 7 is in S, there is a path satisfying =1 from every such
state. Since ¢ is a first order formula, ¢; is not satisfied on 7* for any ¢ > 0.

Therefore m does not satisfy ¢, contradicting to that m is a y-state.

(2) Suppose that there is a self-loop in Gr(S,). We prove that there is a
contradiction.

Let s be a state with a self-loop. Since s € S, s satisfies ¢. Since we are
considering models with the nonstuttering condition, starting from s there is
only one infinite path repeating s infinitely many times, and therefore s must be
a (1 state or an 57 state, contradicting to that s is in S,.

Therefore Gr(S,,) is a 6(¢p3)-infinite directed graph. O

Corollary 2. Let ¢ = ooU (1,92, @3, p4) € SL be an SL formula with ¢g, ..., 04
being first order formulas. Let (S,C,) = po(Gr(Sy)). Then (S,C.,) is 0(ps3)-
well-founded, and furthermore, if s,s" € S, and s — s', then s’ Ty, s.

Proof. This follows from Lemma 36 and Lemma 3. O

Lemma 37. Let o = U (01, p2, @3, 94) € SL be an SL formula with ¢y, ..., ¢4
being first order formulas. Then Gr(Sy) is (0(p1) U S;)-bounded.



Proof.

Firstly, it is easily seen that S, N (6(p1) U S},) = ) from the definition.

Secondly, suppose that s is a state of S,. Since there are an s-path satisfying
-1 and an s-path satisfying (—@aU—@3) A G-y, we have that s satisfies none
of p2 A 3, ¢1 and 4.

By Lemma 31, for every path 7 starting from s, we have 7! = . If 71 is a
state of o1, we are done. If 71 is a state of (paRps) V Foy, then it is a state
of 57. Otherwise, there are an m-path satisfying —¢; and an m-path satisfying
(mpaU—3) A Gy, and then m; is a state of S,,.

Therefore Gr(S,) is (6(41) U S},)-bounded. O

Lemma 38. Let o = poU (1, p2, 3, 94) € SL be an SL formula with ¢g, ..., ¢4
being first order formulas. Let no = F (Sy,) and ne = F(S3). Then there are
e,w,u and C such that the following hold.

— o, 3 = ug;
—nEwiA(e=v—[p1 VeV (o AeCv)]);
- ({o(z) | I(w)(0)},C) is {o(x) | I(w A u)(o)}-well-founded.

Proof. This lemma follows from Lemma 21, with the following instantiation
of $,2,Y.
- 85=25.
— Z =0(p3).
-Y= 9(@1) U S:;

The conditions in Lemma 21 are ensured by Lemma 36 and Lemma 37. O

Remark Tt might be tempting to consider Lemma 34 as a special case of Lemma
38. However this is not the case, since ¢; in the first lemma could be a UL
formula and that in the second one is a first order formula.

Completeness The proof system is relatively complete for the set of simple
LTL formulas. This is stated and proved as follows.

Theorem 2. Let ¢ be an SL formula. If I' = ¢, then ' F .

Proof. Suppose that I = ¢ holds. If ¢ is a first order formula, we have I' F ¢
by the relativeness condition. The rest of cases is proved by induction on the
structure of ¢ as follows.

Case 1. ¢ = X 1.

The X-rule is applicable.

We prove that there is an n; such that the premises of the rule hold.
Let 1 = F (0(¢1)).

We have 1y b 1. Since I' = X ¢4, by Lemma 14, we also have I' = [m].

Case 2. ¢ = pg N 1.



The A-rule is applicable.

We prove that I' |= ¢ and I' = 7 hold.

Let s be a I'-state. Since s is a state of ¢g A @1, we have that s is a state of
o and s is a state of 1.

Case 3. ¢ = g V 1.

Since ¢ is a simple LTL formula, we have the following cases: (1) ¢ is a first
order formula; (2) 7 is a first order formula.

We prove the first case, the other is similar.

In the first case, the V-rule is applicable.

We prove that there are 1y and 7; such that ng = o, m1 F 1 and I' Fno Vi
hold.

Let 19 = ¢o and Let 191 = F (0(p1)).

It is easily seen that ng F ¢, 71 - @1 and I' F g V 1 hold.

Case 4. © = poR(p1, P2, ¢3, Pa).

The R-rule is applicable.

We prove that there are ng, 71,72, 13,74, €, w and C such that the premises
of the rule hold.

Let no = F (6(0)).

Let m = F (0(¢)).

Let n2 = F (Spotps)-

Let n3 = ¢3.

Let ny = F (6(Gepa)).

Then the 1st, 2nd, 3rd, 4th and 9th premises hold trivially.

Since an 7 state satisfies p2U 3 and Gy, it satisfies 14 and it either satisfies
13 or satisfies 72, and therefore the 5th premise holds.

Since an 7; state is a @ state, if it is not an @ state, every successor state
of the state must be a ¢ state, and therefore the 6th premise holds.

Since an 7, state is a G4 state, every successor state of the state must be a
Gy, state, and therefore the 7th premise holds.

By the construction of 7o, we have 72 = @2, and since 73 is @3, by Lemma
34, there are e, w and C such that the 8th premise of the rule hold.

Case 5. ¢ = gooU(<P1,8027903,<P4)-

We have two cases.

— @ is a UL formula, i.e., o3 = 3 = 94 = L, and ¢ = poUp;.
The derived rule Uy is applicable.
We prove that there are 19,71, e, w and C such that the premises of the rule
hold.
Let 1o = F(S<P0ULP1)'
Let m = I (6(¢1)).
Then the 2nd premise holds trivially.



By the construction of 79, we have 19 = o, and by Lemma 34, there are
e,w and C such that the 1st premise of the rule holds.
Let s be a state of I'. Since s is a state of poUwp1, s is either a state of ¢
(i.e., a state of n1) or a state of ng. Therefore the 3rd premise holds.

— o, 1, P2, P3, Pq are all first order formulas.
The U-rule is applicable.
We prove that there are 1o, 11,12, 13, 14, 15, 16, €, W, 4, C, e1, w1 and £y such
that the premises of the rule hold.
Let no = F (5,)-
Let n; = p; for i =1,2,3,4.
Let 15 = F (6(—p4 A Fog)).
Let ne = £ (S7) = F (0((p2Reps) V Fpy)).
Then the 1st, 2nd, 3rd, and 4th premises hold trivially.
By the construction of 7g, if an 7 state is not an ¢4 state and not an o
state, then the successors of such a state must still be an 74 state. Therefore
the 5th premise holds.
By the construction of 7g, if an ng state is not an @3 state, then it must be
a Fo, state. Therefore the 6th premise holds.
By the construction of 19, n1, 73 and g, we have 1y = ¢g, and by Lemma
38, there are e, w,u and C such that the 7th and 8th premises of the rule
holds.
By the construction of 75 and 74, and Lemma 35, there are e;,w; and C;
such that the 9th premise of the rule holds.
Let s be a state of I'. Since s is a state of U (p1, 92,93, P4), s is either a
state of 11, a state of ng, or a state of 7y. Therefore the 10th premise holds.

4.4 Examples

In this subsection, we provide an example showing the use of proof rules for
satisfiability. The reader is referred to Appendix B for additional details.

Example 1. Let the program? be the one presented in Fig. 1. The transition
relation are specified on the edges. For brevity, if a variable is not changed,
the specification is omitted. The initial location is Iy and the transition relation
specified on the ingoing edge to Iy may be interpreted as the condition (when
the primed variables are replaced by the ordinary ones) for the initial states.

The program written as a first order Kripke structure is M = (I, p, ©) over
(B,V) where B=({0,1,2,3,4,+,—},{=,>}), V = {z,y}, and

— I = (Int, Iy) is the usual interpretation where Int is the set of integers and
Iy maps the symbols of B into integers, functions over integers and relations
over integers.

2 A program is presented as a control-flow graph, with a set of locations, a set of edges
and a set variables. The reader is referred to [30,11] for details.



z>y; y'=2

'=z+1

Fig. 1. The Program P, = (L1, E1,Varsi)

— p is the disjunction of the following formulas.

(y=0AYy =1AZ =—2)

(y=0Ay =0ANZ =2-1)
(y=1A(mz=2) Ay =1AZ=2-1)
(y=1Az=2Ay =272 =0)
(y=1Az=1Ay' =3A2"=0)
(y=2nz>yANy =1A2 =2)
(y=2Ay =272 =2+1)
(y=3Az>yAy =2A2 =2)
(y=3Ay' =3A2Z =2+1)

- O=(y=0Az2>0).

Verification Goals Suppose that the verification goals are as follows.

y=0vy=1)U (y=2,2=2,y=3VvVz<0,1))
)ME((y=1)R(y=0vVy=1,2>0,2<0,T))

The verification goals are reformulated as follows.

My=0Az2>0E{(y=0vy=1)U (y=2,2=2,y=3Vz<0,1))
2Vy=0Az2>0E{(y=1)R(y=0vy=1,2>0,2<0,T))

Accordingly, we may try to establish the following.

(1" y=0Az>0F(y=0vVy=1)U (y=2,2=2,y=3Vz2<0,1))
2)y=0A2>0F(y=1)R(y=0Vy=1,2>0,2<0,T))

Proof of (1) For proving (1), we use the rule U with I', ¢, ..., p4 instantiated to
respectively y =0A 2z >0, y=0Vy=1y=22=2,y=3Vz2<0, L. Let



N0y -5 Mg, W, U, €, W1, €1 be defined as follows.
m: (y=0)V(y=1Az2=0)
m: (y=2)
n2: (2=2)
ns: (y=3VvVz<0)
na: L
ns: L
ng: (y=3Nz<2)V(y=1A2<0)
w: (even(xz)Vz >0)
u: (even(xz) Az <0)
e: (2-z+y)
wy : (x>0)
er: 0

Let C be defined as the following set of pairs.
{(a,b) | even(b—a),a <b}U{(a,b) | odd(a),even(b)}

It is easily seen that w,u,C define a weak-well-founded set.

let C; be <. It is easily seen that wi,E; define a well founded set.

Let ¢(y,z) denote (y =3 A2 <2)V(y =1Az<0)), which is ng with y, z
explicitly specified as the parameters. The computation of weakest precondition
[n6] is shown as follows.

[16] =

Ky—3Az<2)( :1Az<0ﬂ

VY2 (p = (0(y,2))) AN (Y2 pV @(y, 2)) =
vy'2'.(p = (o(y, »0A®<y<3vﬂ% ) =
(y=0— (1, —z)/\( —0—><p(0,z—1))/\

(y=1A2 22 (1,2~ )A
(yfl/\zf2%((,0)) (y=1Az=1— ¢(3,0))A
(y=2Nz>y—= 0L 2)A(y=2— 02,2+ 1))A
(y=3Nz>y—92,2))AN(y=3 = ¢(3,z+ 1))A
(0<y<3Ve(y=2)

Let ¥(y, z,v) denote (2-z+y) T v, which is e C v with y, z, v explicitly spec-
ified as the parameters. The result of the computation of weakest precondition
[m VeV (no A el v)] is shown as follows.

(noANeCv)] =

y=0—=(2<0)V(z>20AY(—2z,L,0)A(y=0—=¥(z—1,0,v))A

y=1Az#2—=(z<1)V

y=3Az>y+1—=>T)A

(
E
(y=2Az>y+1—=(2<0)V
(
(

(z>21AY(z—-1,1,v))A

ANMy=1Az=1—=T)A
(22 0AY(z,1,0))) A

(y=3—=(z2<1)A

0<y<3Vm VgV (nAeCv))

(y=2—=T)A




Then it is easily seen that the following hold.

i =i fori=1,2,3,4
N> M2, M4 = [176]
N6, M3 =15 V 14
N0, M3 = —ug
Mo = po Awy A(e=v — ([m VeV (1m0 AeC v)]))
N5 = (w1)3t Aer =v1 — [V (ns Aer T v1)))
I'Eno Vi Vie

By the relativeness condition, we have

i Fw; fori=1,2,34
M6, M2, N4 = [16]
N6, M3 =105 V 14
1o, ~M3 = g,
Mo = o Awg A(e=v— ([m VeV (mAeC v)]))
ns = (w1)gt Aer = v — [V (15 Aer C1 v1)))
I'Emo Vo Ve

Finally, by applying the rule U, we have the proof of the property.

Proof of (2) For proving (2), we use the rule R with I', ¢, ..., ¢4 instantiated
to respectively y = 0A2 >0,y =1, y=0Vy =1, 2>0,2 <0, T. Let
70, .-, M4, W, € be defined as follows.

m: (y=1)
m: (y=0vy=1)
n2: (y=0vVy=1)A(2>0)
n3: (2 <0)
’)74:T
i (x>0)

Let C be <. It is easily seen that w,C define a well founded set and the
following hold.

i =i fori1=0,1,2,34
mE (2 Vn3) Ana
n, 7o |= [771]
N4 = [04]
n2 | ws Ae=v— ([n3V(n2AeCv)]))
I'em

By the relativeness condition, we have the corresponding proofs of the above
subgoals, and then by the rule R (together with the use of the rule A), we have
the proof of the property.



5 Proving Negative Satisfiability

In this section, a set of proof rules for negative satisfiability are developed. This
set of rules is then proved to be sound and complete for SL formulas.

Definition 16. I' =n ¢, if for every I'-state s, there is an s-path satisfying

This is the same as to say that a I" state is not a ¢ state, and therefore the
negative satisfiability is essentially the same as applying the existential interpre-
tation to the negated LTL formula.

Proposition 2. M = ¢ iff there is a satisfiable first order formula ¢ such that
¢EO and ¢ En .

This proposition is a consequence of the definitions of M = ¢ and I' En ¢
(with I' instantiated to {¢}). In the following, we present a proof system for

I'En e

Lemma 39. Let ng and ny be first order formulas. Suppose that no A [n1] = m
holds. Then —my =n noUn1 holds.

Proof. Let N; = 6(—m;) for i = 0, 1.

By Lemma 16, Gr(Ny \ Ny) is an (N7 N Np)-weak-bounded subgraph.

Following from Lemma 13, we have -1 A ng En noUn;. Since it is easily
seen that —m; A =g En noUny holds, we have —ny =n noUmn;. |

Lemma 40. Let ng,m,w € Lp such that w is a formula with x as the only free
variable. Let e € Tg, T be a binary relation symbol of P, and v be a variable
not appearing in ny,n1, e, w. Let W = {o(x) | I(w)(o)}. Suppose that (W, IH(C))
with W C D is a well-founded set, and Yv.(—ny — (ws A ([(m A (e T v — n9)] —
e #v)))). Then —no V —m1 =N (noRm) hold.

Proof. Let N; = 6(—m;) for i =0, 1.

By Lemma 20, Gr(Ny \ N1) is an Nj-terminating subgraph. Following from
Lemma 11, we have -noAn1 =n X (noRn1). Since it implies —noAm =xn (noRn1)
and it is easily seen that -y = (9Rn1) holds, we have —no V-1 =N (noRn1).

O

Proof Rules Let B = (F, P) be given. Let e (possibly with subscripts) denote
a term of the first order logic, w denote a first order formula with = as the only
free variable, v denote a variable, 1 denote a first order formula, and C denote
a binary relation symbol of P. Let ¢9, ¢3, ¢4 denote first order formulas. A set
of reduction rules (referred to as NEG-rules) for the negative satisfiability is
provided in Table 3.

For the application of the rule involving w, it is required that w, C define a
well-founded set. Similar restriction applies to wy, C1, ws, Co as well. In addition,
v, V1, U2 are required to be variables not appearing in any places other than those
explicitly specified in the rule.



Derived Rules For convenience, we formulate a set of derived rules for the unary
operators F, G and the binary operators U, R. The rules are presented in Table
4. The explanation of the derivation is as follow.

Rule |Origin |True False

Rr |R P2, 93, P4, 13,15

Uy U 6> N7 02, P3, P4, 75
Rg |Rr %o

Ur Uy ©0, Mo

Table 3. NEG Rules

N 'y 5t mbne ImlE L
'y I'=Nn X1
A -0 N ¢o -m N ¢1 I'F —mo V-m N I'FN ®o I'FN e1
I'bEN o A1 I'=N @0 V1
—no N ®o
-m FN 1
-n3,¢3 F L
$2,[n3] F n3
i —no F (wi)g! A([m ANz Ans AdaA(er C1vi — no)] = e1 # v1)
—ns o (w2)32 A ([P A (e2 C2 v2 — n5)] — ez # v2)
I'ymo,mi,m3, M5, ¢a = L
I' Ex @oR(p1, b2, ¢3, Pa)
—mo N ®o
-m FN 1
—N1,M0, N6, ¢3 F L
-ni,ns F L
-5, ¢4 L
-n,nr,¢3 L
no,[m] F m
ms] = s
_ —ne F —(n1V g2) A (wi)gt A ([(m Vv (d3 Ano)) A(er C1 v — ne)] = e1 # v1)
U —nr B o205 Voda) A (w2)52 A ([(ns V ¢3) A (e2 T2 va — n7)] — e2 # v2)
Im L

I'Fn poU(p1, P2, 3, Pa)

5.1 Soundness
In the following, we prove that the proof system is sound for SL formulas.
Lemma 41. Let ¢ be a UL formula. If 7 = —p and ©’ = =), then mor’ = ).

Proof. In case 9 is a first order formula, we have 7 = = iff my = - iff
mom’ = —p. The rest of cases is proved inductively as follows.



Table 4. NEG Derived Rules

i —no b wg A(fmA(eCv—ml)]—se#v) —-mbnver Iimo,mb L
¢ T'Fxn Got
B —no b wg A(fmA(eCv—mno)]—se#v) —mobnwo —~mbner Iimo,mb L
R I' N poRe1
o 1 EN e [(m]tEm Iy b L
F TFy For
Uy —no FN po -m bk~ ¢1 Mo, [m] Fm Im L
I'tnN poUer

Case 1. ¥ = (oUr) where ¢ is an SL formula and r is a first order formula.

By the premises, we have 7 = =) and ' |= —. Then we have 7 = —r and
therefore mom’ = —r. Together with 7/ = —), we have mom’ |= —).

Case 2. 1 = (rUy) where r is a first order formula and v, is a UL formula.

By the premises, we have 7w |= =) and 7’ |= —#). Then we have 7 = =1 and
7’ |= —)1. By the induction hypothesis, we have mom’ |= =1, and together with

7' = ), we have mon’ | ).
Case 3. ¥ = (Y1 V r) where r is a first order formula and 1, is a UL formula.

By the premises, we have 7 |= =t and 7’ |= —4). Then we have 7 = =)y A—r
and 7' = =1 A —r. Then we have mon’ |= —r, and by the induction hypothesis,
we have w7’ |= )1, and therefore mon’ = .

Case 4. ¥ = (r V1) where r is a first order formula and 1, is a UL formula.

This case is similar to the previous one. a

Lemma 42. Let Uy be a UL formula. If 71 |E —p and ©' | —=(oU), then
mom’ = —(eU).

Proof. By the premises, we have 7 = =) and 7’ = —. Since ¢ is a UL
formula, by Lemma 41, mon’ = —t). Since we have 7’ = —(pU1), we also have

o’ = (eU). O
Lemma 43. The rule Uy is sound for SL formulas.

Proof. Suppose that the premises of the rule hold. We prove I' E=n @oU¢1
as follows. In this case, poU¢1 is a UL formula.
By the 3rd premise and Lemma 39, we have the following.

—m =N nUm



Let s be a I' state.

By the 4th premise, s is a —; state.

Then there is an s-path 7 such that either every state on the path is a -
state or there is a k > 0 such that 7, ..., T are —n; states and 7y, is a -1 state.

Since woU¢ is an SL formula, we have the following two cases.

— (1) ¢ is an SL formula and ¢; is a first order formula.
By the 1st and 2nd premises, (i) every state on 7 is a —p; state or (ii) there
is a k > 0 such that 7, ..., 7, are =1 states and there is a mg-path 7’ (not
necessarily the same as %) such that 7’ = —¢.
In the former case, 7 is an s-path satisfying —(poUp1).
In the latter case, 7 - - - mp—17’ is an s-path satisfying =(¢oU¢1).

— (2) g is a first order formula and ¢; is a UL formula.
By the 1st and 2nd premises, (i) starting from every state on =, there is a
path (not necessarily a sub-path of 7) satisfying —p; or (ii) there isa k >0
such that there is a m;-path satisfying —p; for every i =0, ...,k and 7 is a
- state.
In the former case, by Lemma 28, m = G(—p1), and therefore 7 = —(poU1).
In the latter case, 7% = =(oUp1). By repeatedly using Lemma 42, we have
7 = = (poUwp1) for i =k —1,...,0, and therefore m = —(poUp1).

O

Soundness The proof system is sound for the set of simple LTL formulas. This
is stated and proved as follows.

Theorem 3. Let ¢ be an SL formula. If I' Fn ¢, then I' = .
Proof. We consider the NEG-rules case by case as follows.
Case 1. N.

Suppose I' = - . We prove I' =5 ¢ as follows.
Let s be a I'-state. Then for every s-path = we have 7 |= —p. Therefore there
is an s-path 7 such that 7 = —.

Case 2. A.

Suppose that =19 Enx w0, =1 EN @1, and I' F =19 V -1 hold. We prove
I' =N po A @1 as follows.

Let s be a I'-state. Then s is a state of —n vV —m1. Then s is a state of —ng
or s is a state of —m;. Then there is an s-path 7 such that m = —gq or there is
an s-path 7’ such that 7' = —p;.

Therefore there is an s-path satisfying —pg V =1, i.e., =(po A ¢1).

Case 3. V.



Suppose that I' =n o and I' =n @1 hold. We prove I' =x o V @1 as
follows.

Let s be a I'-state. Then there is an s-path 7 such that 7 = —¢( and there
is an s-path 7’ such that 7’ | —;.

Since g V 1 is an SL formula, ¢g or ¢ is a first order formula.

Assume that g is a first order formula (the other case being similar). Then
7' | e A 1.

Therefore there is an s-path satisfying —(¢o V ©1).

Case 4. X.

Suppose that we have —n; [=n @1 and I, [m] = L. We prove I' =n X1 as
follows.

Let s be a I'-state. Then not every s-successor is an 7); state, i.e., there is
an s-successor s’ such that s’ is a —m; state. Then there is an s’-path satisfying
—p1. Therefore there is an s-path satisfying X —p;. Therefore there is an s-path
satisfying =X ;.

Case 5. R.

Suppose that the premises hold. We prove I' En ©oR(p1, 2, d3, d4) as fol-
lows.
By the 4th premise and Lemma 39, we have the following.

(i) n3 En ¢2Uns3

By 3rd premise and (i), we have (I’) —-n3 En ¢2U 3.
By the 5th premise, 6th premise, and Lemma 40, we have the following.

(i) =m0 V =(m Amz Ans A ga) En (moR(n1 Ans Ans A da))
(iil) —m5 V =ds FEn (5 R¢a)

Let s be a I'-state. We create an s-path satisfying —oU (=1 V (mgo R—¢3) V
F—¢4) as follows. By the 7Tth premise, we have two cases.

— sisa-m V-m3V-ms Vg, state.
In case s is a —); state, by the 2nd premise, there is an s-path 7 satisfying
—p1. Then 7 is an s-path satisfying —.
In case s is a —m3 state, by (i), there is an s-path 7 satisfying —¢oR—¢s3,
and therefore 7 = —p.
Otherwise, s is a =5 V —¢4 state.
Then by (iii), there is an s-path 7 satisfying (F—¢4). Then 7 is an s-path
satisfying —¢.

— s is a =g state.
By (ii), there are an s-path 7 and a k > 0 such that o, ..., mx—1 are -y
states and 7y is a —m; V -3 V s V gy state.
Similar to the previous case, we have a mp-path 7’ satisfying —.
By the 1st premise, m,...,Tx_1 are -y states. Then my---mp_17 is an
s-path satisfying —¢ (since g is restricted to be a first order formula).



Case 6. U.

Suppose that the premises hold. We prove I' En @oU (1, d2, d3, d4) as fol-
lows.

Let o = poU(p1, 2, 3, da).

If p is a UL formula, i.e., ¢2 = ¢35 = ¢4 = L, and ¢ = peU¢py, then in
this case, the soundness follows from that of Uy which has been handled by
Lemma 43. Otherwise, ¢ is an SL formula where g, 1, @2, @3, ¢4 are all first
order formulas.

By the 7th premise, 8th premise, and Lemma 39, we have the following.

(i) =m E~x nUm
(ii) ns En TUns

By the 5th premise and (ii), we have (ii’) —n5 E=n Féa.
By the second part of the 9th premise, the second part of the 10th premise,
and Lemma 40, we have the following.

(iii) —me V =(m1 V (¢3 Amo)) EN (neR(n1 V (93 A1o)))
(iv) =m7 V = (é3 V 15) En (17 R(d3 V 15))

By the first part of the 10th premise, we have -7 V =(d3 V 15) En ((¢2 V

n5)R(¢3 V n5)). By the 5th premise, —m7 V =(¢3 V 1n5) En ((¢2 V 15)R(P3 V 15))
and -5 En F¢4, we have the following.

(iv') =m7 V =(¢3 V) BN (($2Rd3) V Fa).

Let s be a I' state.

Let ¢ denote —moR(—m1 A (mp2U—¢3) A Ggy). Since o and ¢q are first
order formulas, by the 1st and 2nd premises, it is sufficient to prove that there
is an s-path satisfying 1. We create such an s-path as follows.

By the 11th premise, s is a —n; state.

By (i), there is an s-path 7 such that either (1) there is a k > 0 such that
7o, ..., Tk are —)p states and 7 is a —mp state, or (2) every state on the path is
a —; state. We have two cases.

— (1) There is a k > 0 such that g, ..., 7 are —m; states and 7, is a g state.
Without loss of generality, we may assume that mg, ..., mx_1 are 7o states.
By the 4th and 5th premises, m, ..., 7, are —¢,4 states.

By the 3rd premise, 7, ..., mp—1 are —ng V —¢3 states.

Then by the first part of the 9th premise, 7, ..., Tx—1 are also —¢o V —¢3
states.

Tt is easily seen that: if we have (a) a mg-path ¢ such that ¢ = —¢3 AG—¢y or
(b) a me-path ¢ such that ¢ | ((=¢2U—¢3) AG—¢y)), then mo, ..., mp—1( = .
Then we consider two subcases.

(1a) 7 is a 3 state.

Since 7y, is a —)p state, by the 4th premise, 7y, is a —n; state. By (ii’), there
is a mp-path 7’ satisfying —F¢4. Then 7’ = —¢3 A G-¢py.



Since the condition (a) holds, there is an s-path satisfying .
(1b) i is a ¢3 state.
By the 6th premise, 7y is a —n; state.
By (iv’), there is a mi-path 7" such that 7’ = ((m¢p2U—¢3) A G—¢a).
Since the condition (b) holds, there is an s-path satisfying .
— (2) Every state on the path is a - state .

Without loss of generality, we may assume that m; is an 79 state for all ¢ > 0.
By the 3rd, 4th, 5th and 9th premises, 7; is also a =¢4 and —¢s V -3 state
for all i > 0.
If —¢3 appears infinitely many times, we are done.
Otherwise, there is a position j such that for all ¢ > j, m; satisfies ¢3.
Then by the 3rd premise, m; is a —ng state.
By (iii), there are a m;-path n’ and a k¥’ > 0 such that my,..., 7}, _, are
—¢g A —my states and my, is a =y A D3 state or a -y A g state.
We consider two subcases.
(2a) m}, is a —my A 1 state.
Then we have an s-path 7" = 7o ---7;_17’ such that all the states before
the position j, are - states, and in addition, 7, is a - state.
This is exactly the same as the situation considered in case (1), and by the
analysis of case (1), there is an s-path satisfying .
(2b) m;, is a =1 A —¢g state.
Without loss of generality, we may assume that g is satisfied on =, ..., 7},.
Since 7, = m; and 7; is a ¢3 state, we have that k' > 1.
Then 7}, is used a new starting point replacing the original state s and the
process of the construction of a path satisfying 1 is repeated.
The process either stops at a step where we have an s-path 7 satisfying v
or it continues to infinity and we have an s-path 7’ such that every state on
the path is a —n; A ng state and —¢3 states appear infinitely many times.
In the former case, we are done.
In the latter case, by the 3rd, 4th, 5th and 9th premises, every state on 7’
also satisfies ~¢4 and —¢2 V ¢, and in addition —¢3 states appear infinitely
many times. This means that 7’ is an s-path satisfying .

O

5.2 Relative Completeness

In the following, we prove that the proof system is relatively complete for SL
formulas.

Definition 17. Let ¢ = poU(¢1, 92,93, 04) and ¢ = @oR(v1, P2, 93, P4).
Then Sg, Sg and Sg,* are sets of states defined as follows.

—sESg,

- s€ Sg*, if s is a p3 state and not an Sy, state.

if s is a g state and a p3 state and not a ¢ state.

- s€ Sﬁ, if s is a @1 state, a (p2Ups) state, a Gy state, and not a ¢’ state.



The set Sgwﬂ where Gy is a special case of poR(p1, 2, ¢3,p4), is defined
according to Sg, that is, Sgw iff s is a 1 state and there is an s-path satisfying
—=Gp1. It is easily seen that the following hold.

—Ifse Sg, then s is not a ¢y state and not a ¢ state.
—Ifse Sg*, then s is not a ¢y state and not an Fy, state.
— If s € S, then s is not a ¢ state.

Lemma 44. Suppose that ¢o,...,04 € Lpy. Let ¢ = ¢oU(P1, b2, ¢3, ¢a) and
(pl = ¢0R(¢17¢27¢35¢4)'

1. Let S, = Sg and Y1 = 0(p V (¢3 A ¢p)).
2. Let SQZSLJX* andYé:é(¢3\/F¢4).
3. Let Sg = Sﬁ and 1/3 = §(¢1) U §(¢2U¢3) U é(G¢4)

Then fori € {1,2,3}, Gr(S;) is Y;-terminating.

Proof. This lemma follows from the definitions of the respective sets of states
in Definition 17. O

Lemma 45. Suppose that ¢ = @oU (1, p2, ¢s, pa) and o, ..., 04 € Lpy. Let
n6 = —F (SY) and ny = F (0(¢)). Then there are e,w and T such that they define
a well-founded set and

=6 = wy A (([(m V(3 A o)) Ale T v —mg)] = e #0v)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

— S =S8 and F(S)=Fr(S)) = .
— Y =0(eV (3 A o)) and F(Y) ==(m V (g3 A @0o))-

The conditions in Lemma 23 are ensured Lemma 44(1). a

Lemma 46. Suppose that ¢ = @oU (1, 92,93, 04) and o, ...,p4 € Lpv. Let
n7 = —F (SY*) and ns = F (0(Fs)). Then there are e,w and T such that they
define a well-founded set and

—n7 Ewg A (([(05 V 3) A(e Cv—n7)] = e #v)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

- S = bjg* and £ (S) = F(SY™*) = -y
=Y =0(p3V Fepy) and F (Y) = =(p3 V 15).

The conditions in Lemma 23 are ensured Lemma 44(2). O



Lemma 47. Suppose that ¢ = woR(¢1,92,¢3,pa) and o, ..., 04 € Lpy. Let
ng = _'F(SQZDV)’ N3 = F(0(802U503))7 and N5 = F(H(_‘SO4 \Y GSO4)) Then there are
e,w and C such that they define a well-founded set and

—no = wg A (([er Ams Ams Apa A(e T v —mo)] = e # 0)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

- S:S}’ and f(S):F(Sg) = 1.
=Y =0(p1) Ub(p2Urp3) UB(Gepa) and F(Y) = (01 Az Ans A pa).

We have that ns A ¢4 is a representation of the set of Gy, states. The con-
ditions in Lemma 23 are ensured Lemma 44(3). O

Lemma 48. Suppose that ¢ = Gy1 is an SL formula and o1 € Lpy. Let
No = —\F(Sg%). Then there are e,w and T such that they define a well-founded
set and

o = wi A([pr Alle T o= o)l = e # 0v).

Proof. This lemma is a special case of Lemma 47, with g, @2, @3, 4 replaced
by T. a

Completeness The proof system is relatively complete for the set of simple
LTL formulas. This is stated and proved as follows.

Theorem 4. Let ¢ be an SL formula. If I' =N ¢, then I’ Fn .
Proof by induction on the structure of . Suppose that I" =5 ¢ holds.
Case 1. y is a first order formula.

The N-rule is applicable.
We have I' En ¢ iff I' = —p. Then we have I' - —¢ by the relativeness
condition.

Case 2. ¢ = X .

The X-rule is applicable.

We prove that there is an 7; such that the premises of the rule hold.

Let 1 = F (0(¢1)).

Then the first premise holds.

Suppose that s is a I state.

Then there is an s-path satisfying X —¢;.

Then there is an s-successor which is not a ¢; state and therefore s is not
an [n] state.

Therefore the second premise holds.

Case 3. ¢ = pg N 1.



The A-rule is applicable.

Let no = F (6(¢0)) and m1 = F (6(0)).-

Then the first and the second premises hold.

Suppose that s is a I" state.

Then there is an s-path satisfying —=(po A ¢1).

Then there is an s-path satisfying =g or satisfying —¢;.
Then s is a state of —ny or a state of —n;.

Therefore s is a state of —ny V —n;.

Therefore the third premise holds.

Case 4. ¢ = oV ¢1.

The V-rule is applicable.

We prove that I' Fx g and I' Fx 1 hold.

Suppose that s is a I state.

Then there is an s-path satisfying —=(¢o V ¢1).

Then there is an s-path satisfying —pg and —¢q.

Then there is an s-path satisfying =g and there is an s-path satisfying —;.
Therefore I' Fn ¢o and I' -y @1 hold.

Case 5. ¢ = poR(v1, P2, D3, P4).

The R-rule is applicable.

We prove that there are 79, 71,73, 75, €, w and C such that the premises of
the rule hold.

Let ng = =F (S)).

Let 15 = =F (SGy,) = I (0(=¢4 V Goa)).

Let m1 = F(0(¢1)).

Let 03 = F (0(¢2U¢3)).

It is easily seen that the 1st, 2nd, 3rd and the 7th premises hold.

Since 73 is the representation of the set of ¢poU 3 states, every state that is
both a ¢- state and has all the successors in 73 is also in 3. Therefore the 4th
premise holds.

Regarding the 5th premise, by Lemma 47, there are e;,w; and C; such that
—mo b (wi)g A ([(m Ans Ans A da) A(er Tivr — 1o)] = ex # v1).

Regarding the 6th premise, by Lemma 48, there are es, wy and Cs such that
s = (w2)g? A ([fa A (€2 T2 v2 = 15)] = €2 # v2).

Case 6. ¢ = poU (1, b2, P3, Pa).

The U-rule is applicable.

We prove that there are ng,n1, 15,76, 07, €1, €2, w1, w2, C1 and Ty such that
the premises of the rule hold.

Let no = I (6(0)).

Let m = F (0(p)).

Let 5 = F (6(Fp4)).

Let ng = —~F (SY).



Let 77 = —F (S5).

It is easily seen that the 1st, 2nd, 3rd, 4th, 5th, 6th and 11th premises hold.

Since 7 is the representation of the set of ¢ states, every state that is both an
no state and has all the successors in 7 is also in 1;. Therefore the 7th premise
holds.

Since 75 is the representation of the set of F'¢4 states, every state that has
all the successors in 75 is also in 75. Therefore the 8th premise holds.

Regarding the 9th premise, it is easily seen that we have —ng = =(n1 V ¢2),
and by Lemma 45, there are e1, w; and C; such that —ng - (w1) A ([(n1 V (¢35 A
no) A (e1 1 v1 — 16)] — €1 # v1).

Regarding the 10th premise, it is easily seen that we have —nm; = —(n5 V ¢2),
and by Lemma 46, there are ez, wy and Co such that —n7 b (w2)22 A ([(¢d3 V15) A
(62 Co U2 — 777)] — €2 75 ’UQ). O

5.3 Examples

In this subsection, we provide an example showing the use of proof rules for
negative satisfiability. The reader is referred to Appendix B for additional details.

FEzample 2. Let the program be the one presented in Fig. 2. This program can
be considered as a simplification of the one in Example 1.

220, y'=0  —z=2;7'=z-1 >y;y'=1 7'=z+1

Fig. 2. The Modified Program P| = (L1, E1, Vars1)

Verification Goals Suppose that the verification goals are as follows.

(D ME(W#3)U (2<0,2<0,y#2,1))
R)ME(y=2Vy=3)R(y#3y#22>yT))

The verification goals are reformulated as follows.

My=0Az2>0EN(y#3)U (2<0,2< 0,y #£2,1))
(2)y=0A2>0FNn ((y=2Vy=3)R(y#3y#22>y7T))



Accordingly, we may try to establish the following.

(1" y=0Az>0Fy (y#£3) U (2<0,2<0,y #2,1))
2 y=0nz>0Fn (y=2Vy=3)R(y#3,y# 22>y, T))

Notice that we have © = (y =0Az>0) and (y=0Az>0) — 6.

Proof of (1) For proving (1), we use the rule U with I', g, 1, @2, 3, 4 instan-
tiated to respectively y = 0A 2z >0,y #3, 2 <0, 2 <0, y # 2, L. In order
to conveniently define e;, we have to extend F' with a new symbol eg with the
following interpretation (the reader is referred to Section 6.3 for a discussion on
the use of new symbols):

eo(z,y) =if (y <3V z>3) then 3+ z —y; else 3 — z.

Let ng, 1,15, 06, N7, W1, €1, W2, €2 be defined as follows.

m: (y#3)

m: ~((y=0vy=1A(z>0)V((y=3Vy=2)A(z20)))
N5 L

772: ~(y=0vy=1)A(2>0)

mi Ay =0Vy=1)A(>0)V((y=3)A(20))

wy: x>0

e1: z—vy

wy: x>0

es: eo(z,y)

Let C; and Cs be <. It is easily seen that w;, C; define a well-founded set
for i = 1,2 and the premises of the rule hold. By the relativeness condition, we
have the corresponding proofs of the premises (as subgoals), and then by the
rule U, we have the proof of the property.

Proof of (2) For proving (2), we use the rule R with I', ¢q, 1, @2, 3, ¢4 instan-
tiated to respectively y =0A 2z >0,y =2Vy=3,y#3, 2%y, 2>y, I.Let
10, M1, 13, N5, W1, €1, W2, €2 be defined as follows.

m: ~((y=0vy=1)A(z>0))
m: —(y#3)

n: (z>y)

5 ¢ T

wy : (z>0)

er: (z—y)

we : (x> 0)

€9 ! 0

Let C; and Cs be <. It is easily seen that w;, C; define a well-founded set
for i = 1,2 and the premises of the rule hold. By the relativeness condition, we
have the corresponding proofs of the premises (as subgoals), and then by the
rule R, we have the proof of the property.



6 CTL* Formulas

Let (B, V) be given. In the following, we present a first order CTL*. The logic
was introduced in [8,12,13] and the following presentation is similar to the one
n [11].

Syntaz Let ¢ range over Lp . The set of CTL* formulas over (B, V) is defined
as follows.
=@ | ~D|OND|DVD|D— |
XO|FO|GP|OUD|dRD|ED| AD

The operators X, F, G, U, R are called temporal operators, while E/ and A are
called path quantifiers.

Semantics Let the first order Kripke structure M =
given.

(I,p,0) over (B,V) be

Definition 18. Let 7w denote an infinite path of M. Let ¢ (possibly with sub-
scripts) denote a CTL* formula. That the path 7 satisfies ¢, denoted ™ =pr @,
or simply m |= ¢ when M is understood in the context, is defined as follows.

TEp ifp € Lpy and I(p)(m

0) = true

T e ifm e

TE@o V1 if TE @ or T E @1

TEw A1 ifTE o and T = @1

T w0 — w1 if T |E o then m |= 1

TEXe  ifriEe

™ G ifVi > 0.(n" |= )

T Fo if 3i > 0.(n" =)

7= oUpr if3i > 0.((7" = 1) AVj < i.(n? E ¢0))
T = poRpr  ifVi>0.(Vj < i.(n7 o) = (1" = 1))
rEBe i3 (mo)(r o)

T Ap if vr' (mo). (7" = )

In addition, we may use the two quinary operators U and R, with the fol-

lowing interpretation.

woU (@1, 92,03, p4) =
woR(01, 92,03, 4) = o

00U (1 V (p2Re3) V Fepy)
R(p1 A (p2Up3) A Gea)

Definition 19. M = ¢, if 7 |= ¢ for every computation w € [[M]].

The usual definition of CTL* has a distinction on path formulas and state

formulas. Although state formulas are special path formulas, state formulas are
used as the primary concept for specification of properties of models. In the
above definition, we consider CTL* as an extension of LTL and we do not make
a distinction of path formulas and state formulas.



Normal Form A CTL* formula is in the negation normal form (NNF), if the
negation — is applied only to first order formulas and the formula does not con-
tain the symbol —. Let NNF(X,U,R,E,A) denote the set of NNF formulas with
temporal operators only in {X, U, R} where U, R are the two quaternary opera-
tors. Let ¢ range over Lp . The set of NNF(X,U,R,E,A) formulas is defined as
follows.

Pu=¢|OND|DVD| XD | DU (D,0,8,8)| PR (P,8,8,8) | ED | AD

Every CTL* formula can be transformed into an equivalent one in NN-
F(X,U,R,E,A). Then without loss of generality, we only consider NNF(X,U,R,E,A)
formulas. Formulas not in such a form are considered as an abbreviation of the
equivalent ones in NNF(X,U R,E,A).

6.1 A Proof System

A CTL* formula can be viewed as a generalized LTL formula such that a place
for holding a first order formulas in LTL may be used to hold a formula of the
forms Ep and Ap. With this view, the relevant definitions regarding LTL can
be adapted for CTL*, and we can reuse the RED-rules and NEG-rules presented
previously for proving satisfiability and negative satisfiability. That remains is
to formulate proof rules for proof goals of the following forms.

I' E Ep
I = Ay
I'=n Egp
I'=n Ap

For this purpose, a set of reduction rules are provided in Table 5. The reduc-
tion rules are used to reduce a proof of a formula to proofs of simpler ones (by
using the rules backwards).

Table 5. Proof Rules: PATH

I'tn 'k
E I'FEp 4 ' Ap
- 'k —p i 'y
I'tn Ep I'n Ap

The Proof System The proof system consists of the set of PATH-rules, the set
of RED-rules and the set of NEG-rules in which LTL formulas are replaced by
CTL* formulas.



6.2 Soundness and Completeness

Let ¢ range over Lpy. The subset of CTL*, denoted SC, called simple CTL*
formulas, is defined as follows, with UC and @ being auxiliary subsets of SC.

SC =:=8SCVv®|dVSC|SCASC|X(SC)|PR(SC,®,0,P) | PU(P,P,P,P) | UC
UC:=¢9|SCU (®)|oU (UC)|UCVP|PVUC

¢ :=¢|E(SC)|A(SC)

Lemma 49. The following hold.

IF'EApiff T = .

I'Enx Epiff ' = —o.

- I'En Ap iff I' BN .

Proof. These equivalences follows from the definition. a

Soundness The proof system is sound for the set of simple CTL* formulas. This
is stated and proved as follows.

Theorem 5. Let ¢ be an SC formula. If '+ ¢, then I' = .

Proof. Due to that there is an interchange between proofs of the forms I - ¢
and I' Fx ¢ caused by the use of PATH-rules, we strengthen the statement to
be the conjunction of the following.

If I'F o then I' = ¢;
IfI'kx @ then I' =y .

The strengthened statement is proved by showing that every proof rule is
sound. For the PATH-rules, the soundness follows from Lemma 49. For the RED-
rules and NEG-rules, the reasoning is similar to that of LTL formulas, and is
omitted. ad

Completeness The proof system is relatively complete for the set of simple CTL*
formulas. This is stated and proved as follows.

Theorem 6. Let ¢ be an SC formula. If I' = ¢, then ' F .

Proof. Due to that there is an interchange between proofs of the forms I' - ¢
and I' Fx ¢ caused by the use of PATH-rules, we strengthen the statement to
be the conjunction of the following.

If I' = o then I' F o;
If I' =n ¢ then I' Fy .

The strengthened statement is proved by induction on the structure of . For
the cases where proof-goals are in the forms of I' | Ep, I' = Ap, I' En Eg and
I' En Agp, the PATH-rules can be used, and the completeness of using these
rules follows from Lemma 49. The other forms of proof-goals are handled by
RED-rules and NEG-rules, and the reasoning is similar to that of LTL formulas.

O



6.3 Discussion on the Use of Symbols

Since the formulation of the auxiliary constructs for the application of the proof
rules requires the use of symbols from B, we may have to extend B and in-
terpreted the extra symbols by extending I, in order to be able to formulate
appropriate auxiliary constructs.

Let (B,V) be given. Let I be an interpretion of B.

Suppose that M = (I, p,0) is a Kripke structure over (B,V) and ¢ is a
CTL* formula over (B, V).

Let M’ = (I, p,©) be a Kripke structure over (B’,V) where B’ = (F', P')
is an extension of B and I’ = (D, 1)) is an extension of I. Then the following
holds.

Proposition 3. Let ¢ be a CTL* formula over (B,V). M = ¢ iff M' |= .

This proposition follows from an inductive argument on the structure of
formulas, and provides a basis for adding a user-defined theory to the initial first
order logic Lp in order to be able to make convenient formulation of necessary
assertions.

7 CTLT

We define a subset of CTL* and present a customized proof system for this
subset of CTL*.

Syntaz Let ¢ range over Lp v . The set of CTLT formulas over (B, V) is defined
as follows.

Pi=¢|-D|OND|AX S| A(DU (&,5,5,8)) | A(® R (D,D,D, D))

Semantics Let the first order Kripke structure M = (I, p,0) over (B,V) be
given. The semantics of CTL' inherits from that of CTL*. In addition, we have
the following definition.

Definition 20. Let s be a state. s =y @ (or simply, s = @, when M is under-
stood in the context), if w |= ¢ for every s-path m of M.

Let sly (7, @0, 1, P2, ¢3,4) denote the following.

30 2 0.((%) < i.m; = p0)) A

(mi = 1)V

Vi >i.(Vj e {i,...k—1}.(m; F& @2) = (mk = @3))V
Sk > i.(my b= o).

Let slr(T, o, p1, P2, P3, pa) denote =sly (m, 2w, 71, 72, 703, 7P4).

Lemma 50. Let s be a state. Let ¢ (possibly with subscripts) denote a CTL'
formula. Then the following hold.



skE@ iff I(p)(s) = true, when ¢ € Lpy

s =g iff s = o
s E w0 Apr iff s E o and s = @1
L AXe i Vn(s).(m1 = o)

s = A(eoU (@1, 92,03, ¢4)) iff Vi (s).(slu (T, po, 1, P2, 3, P4))
S ': A(()OOR(%OM Y2, L3, @4)) iﬁVﬂ-(S)'(SZR(ﬂ-a Yo, P1, P2, L3, 804))

Proof. This lemma follows from Definition 20 and the semantics of CTL*
defined in Definition 18. O

Lemma 51. M = ¢ iff s = ¢ for every s that satisfies s = 6.

Proof. This lemma follows from Definition 20 and Definition 19. O

Remarks On Ezpressiveness The logic CTL! covers CTL, and it is sufficiently
expressive that it covers those CTL* formulas and also the formulas with past
operators in Section 8.2 of [11]. We have the following correspondences.

Formulas Corresponding CTL™ Formulas

AGFy A(LR(T, T, T))

AFGy A(TU(L, L,p, 1))

AG(poUp1) A(LR(T, @0, 1, T))

EFGyp —A(LR(T, T,—¢, T))

EGF(,D ﬁA(TU(L, L, P, L))

AG(po = X T(=po U1 1) [A(p1R—p0) A AG (0o — AX A(p1R—0))
AG(po — (F o1 A AFps))  |A(=poU (1, L, o, L)) A AG(po — AFps)

7.1 A Proof System

In the following, we use I" and A to denote sets of CTL' formulas. For brevity,
we sometimes write ¢ for {¢}, and I', ¢ for I' U {¢}.

— A state s is called a p-state, if s = .
— A state s is called a ['-state, if it is a @-state for every ¢ € I'.

For convenience, the set of p-states is denoted 6(y).
Definition 21. I' = A, if every I'-state is a p-state for some ¢ € A.
Proposition 4. Let ¢ be a CTL' formula. M = ¢ iff © |= .

This proposition is a consequence of Lemma 51 and the definition of © = .
Proving First Order Formulas When I" and A are two sets of first order
formulas, I' = ¢ holds iff the conjunction of the formulas of I' implies the

disjunction of the formulas of A. We assume that we have an underlying proof
system for proving I = A in this case.



Proving Temporal Formulas Let B = (F, P) be given. Let e (possibly with
subscripts) denote a term of the first order logic, w denote a first order formula
with z as the only free variable, v denote a variable, 17 denote a first order formula,
and C denote a binary relation symbol of P. For brevity, we use A(U ;) to
denote A(poU (1,2, P3,¢a)). Similarly for A(R}_y¢;). A set of reduction rules
is provided in Table 6.

For the application of the rule involving both of w and wu, it is required
that w,u and C define a weak-well-founded set. For the application of the rule
involving w without accompanying wu, it is required that w,C define a well-
founded set. Similar restriction applies to wi, Cq, w2, Co as well. In addition,
v,v1,v9 are required to be variables not appearing in any places other than
those explicitly specified in the rule. For convenience, these rules are referred
to as CTL' rules. The first rules is named —-left, since it is a —-rule and the
principal formula is on the left of . It is similar for other rules. There are two
A-left rules. In this case, the first one is referred to as A-left-one and the other
is referred to as A-left-two.

Derived Rules For convenience, we formulate a set of derived rules for the bi-
nary operators U, R. The rules are presented in Table 7. The explanation of the
derivation is as follow.

Rule |Origin |True False

Rpp |R-left |p2, 03, ¢a,m2, 13, 14, N5

Ury |U-left |ns,n7 2,3, P4, 12513, N4, 5
Rpr |R-right |92, @3, 04,13, M4 12

Ugry |U-right 02,93, P45 12,13, M4, 155 116, U

Soundness and Completeness The proofs of soundness and completeness are
similar to that in the previous sections. For completeness of the presentation,
the soundness and completeness are formulated and proved in the following
subsections.

7.2 Soundness

The proof system is sound for CTL'. This is stated and proved as follows.

Theorem 7. Let I', A be two sets of CTLY formulas. If '+ A, then I' = A.
Proof by induction. If I" and A are two sets of first order formulas, by the

assumption on that the underlying proof system for the first order logic is sound,

we have I' - A implies I' = A. In the following, we prove the soundness of each

of the CTL rules.

Case 1. —-left.



Table 6. CTL Rules

' A o ek A
T —oF A TFA ¢
I'po E A I'o1 A
I'ioo Apr B A I'ioo Apr B A
I't A o 't A ¢
' A, o A1
Y1 Em Im]-A m F o1 I'F A, [m]
I'N'AXp F A I'E A AX ¢y

@i Fni forie€{0,1,2,3,4}
n2, [n3] F 13
—mo b (wi)S A ([m Ans Ans Ana A(er C1vi — no)] — e1 # v1)
—ns5 F (w2)52 A ([na A (e2 T2 v2 = 15)] — ez # v2)
I'yno,mi,m3,m5, M4 = A
I, A(R]_opi) F A

ni =i fori€{0,1,2,3,4}
m b (n2Vn3) Ana
N1, 7o F (7]
na b [n4]
n2 b wg A(e=v—[n3V(n2Ael v)])

I'-Am
'+ A AR _ypi)

i = m; fori€{0,1,2,3,4}
N0, M6, M3 = M
ns B m
ns = ns
n7,M3 =
Mo, [m] F m
[ns] F s
—ne E (m vV n2) A(wi)gt A ([(m V(13 Ano)) A (er 1 vi = m6)] — e1 # v1)
—n7 (s V) A(w2):2 A ([(n5 V n3) A (e2 T2 va = 17)] — e2 # va)
F,171 }* A

AU i) F A

ni b @i forie€{0,1,2,3,4}

N6, ~N2, N4 = [n6]
ne F M3, M5, M4

N6, N3 = —ug,

no = wg A(e=v—[n VneV(noAel v)])
ns F (w1)g! Aler =v1 = [naV (ns Aer C1 v1)])
I'- A,n0,m1, 76
T+ A AU p:)




Table 7. CTL! Derived Rules

R wo F 1o w1 FEm —no Fwi A([n AleCv—no)] = e#v) I'yno,m F A
LR I, A(poRp1) F A
U %o 1m0 p1bEm Mo, [m] Fm I'mi A
rU I A(poUpr) F A
Rig 1o - o m e 11, 7no F [m] I'-Am
) ' A, A(poRe1)
U nok o Awg A(e=v = [n1V(nAel v)]) m Fe1 I'AnVvVm
rY T4, AlpoUpr)

Suppose I' = A, p. We prove I',—¢ | A as follows.

Let s be a I'U {—p} state.

If s is a state of some formula of A, we are done. Otherwise, by the premise,
s is a state of ¢, which yields a contradiction. Therefore s is a state of some
formulas of A.

Case 2. —-right.

Suppose I', ¢ |E A. We prove I' = A, —p as follows.

Let s be a ['-state.

If s is a state of =y, we are done. Otherwise, by the premise, s is a state of
A. Therefore s is a state of some formulas of AU {—p}.

Case 3. N-left.

There are two A-left rules.

We only consider A-left-one, the other is similar.

Suppose I', g = A. We prove I, g A @1 = A as follows.

Let s be a I'U {pg A ¢1} state.

Then s is a I' U {p }-state. By the premise, s is a state of some formulas of
A. Therefore I', 9 A p1 E A.

Case 4. A-right.

Suppose I' = A, pg and I' = A, p1. We prove I' = A, g A 1 as follows.

Let s be a I'-state.

If s is a state of some formula of A, we are done. Otherwise, by the premise,
s is a state of ¢y and s is a state of ¢;. Then s is a state of ¢y A 1. Therefore

I'E= A N1

Case 5. X-left.



Suppose that the premises hold. We prove I, AX o1 = A as follows.

Let s be a state of I' U {AX 1 }.

If s is a state of some formula of A, we are done. Otherwise, by the second
premise, some successor state s’ of s is not a state of ;. By the first premise, s’
is not a ¢ state. Therefore s is not an AX ¢, state, which yields a contradiction.
Therefore s is a state of some formulas of A.

Case 6. X-right.

Suppose that the premises hold. We prove I' = A, AX p; as follows.

Let s be a state of I

If s is a state of some formula of A, we are done. Otherwise, by the second
premise, every successor state of s is an 77 state. Then by the first premise, every
successor state of s is a y state. Therefore s is an AX ¢ state. Therefore s is a
state of some formulas of A.

Case 7. R-left.

Let ¢ = A(poR(p1, 2, 03, 4))-
Suppose that the premises hold. We prove I', o = A as follows.

Let s be a state of I" U {p}.

If s is a state of some formula of A, we are done.

Otherwise, suppose that s is not a state of any formula of A.

We prove that there is a contradiction, i.e., s is not a state of ¢, meaning
that there is an s-path satistying —@oU(—¢1 V (mpaR—p3) V F(—p4)).

Let v denote —moU (- V (—m2R-ms3) V F(—m4)). By the 1st premise, it is
sufficient to show that there is an s-path satisfying .

By the 5th premise, s is a state of =11 V-3V (=15 V —n4) V —19. We consider
four cases.

s is a state of —.
Then any s-path satisfies 1.
— s is a state of —mjs.
By the 2nd premise and Lemma 39, there is an s-path 7 satisfying —n, R—ns.
Then 7 is an s-path satisfying .
— s is a state of =5 V 1y
By the 4th premise and Lemma 40, there is an s-path « satisfying —nsU—ny.
Then m satisfies F'—ny.
Then 7 is an s-path satisfying .
— s is a state of —mg.
By the 3rd premise and Lemma 40, there is an s-path 7 and a £ > 0 such
that m; is a —ng state for i = 0,...,k — 1 and 7 is a =(n1 Ans A 95 Ang).
Then similar to the reasoning in the three previous cases, we have a 7g-path
7’ satisfying 1.
Then 7y - - - m_17 is an s-path satisfying ).

Case 8. R-right.



Let ¢ = A(poR(p1, ¢2, 03, 1))-
Suppose that the premises hold. We prove I' = A, ¢ as follows.

Let s be a state of I'.

If s is a state of some formulas of A, we are done.

Otherwise, by the 6th premise, s is a state of 7;.

Let v denote noR(n1 A (n2Uns) A Gny). By the 1st premise, it is sufficient to
show that every s-path satisfies 1.

By the 3rd premise and Lemma 24, we have for every s-path m, either every
state on the path is an 7; state or there is a £ > 0 such that =, ..., 7, are m
states and 7 is an 7y state. We have two cases.

— Every state on 7 is an 7; state.
By the 2nd premise, g, ..., 7 are nq A (12 V 73) states.
By the 5th premise, every 7, state leads to an 73 state, along every direction.
Then there are infinitely many occurrences of 73 states on .
Therefore 7 = 1.
— mo, ..., Tk are 1y states and 7 is an 7g state.
By the 2nd premise, g, ..., 7 are ny A (12 V 73) states.
By the 5th premise, either mj is an 13 state or it leads to an 73 state.
By the 4th premise, every state on every mg-path satisfies 7.
Therefore 7 = 1.

Case 9. U-left.

Let Y= A(()OOU(SOM ©2,P3, (104)>
Suppose that the premises hold. We prove I', o = A as follows.

Let s be a state of I" U {p}.

If s is a state of some formulas of A, we are done. Otherwise, we prove that
there is a contradiction, i.e., s is not a state of ¢, meaning that there is an s-path
satisfying ~poR(=¢1 A (mp2U—ps) A Gopy).

Let ¢ denote —mgR(—m1 A (—m2U-m3) A G—ns). By the 1st premise and the
4th premise, it is sufficient to show that there is an s-path satisfying .

By the 10th premise, s is a state of —mn;.

By the 6th premise and Lemma 39, we have an s-path 7 such that either (1)
there is a k > 0 such that m, ..., 7, are - states and 7 is a - state, or (2)
every state on the path is a —n; state. We have two cases.

— Case 1:
o, ..., T, are —m; states and my is a —ny state.
Without loss of generality, we may assume that mg, ..., m,_1 are 7o states.
By the 2nd premise, 7, ..., Tp_1 are —g or -3 states, and then by the first
part of the 8th premise, 7y, ..., Tx—1 are —mg or -3 states.
By the 5th premise, 7y is a =13 state or a —; state.
We consider two subcases.
(a) T is a -3 state.
Since 7y, is a —; state, by the 3rd premise, m is a —n5 state.
By the 7th premise and Lemma 39, there is a m,-path 7’ satisfying G—ns.



Then 7’ satisfies —n3 A G—ns.
Then 7y - - - m,_17 is an s-path satisfying 1.
(b) 7 is a —m7 A nj3 state.
Since 7 is a =m7 Ans, by the 9th premise and Lemma 40, there is a 7g-path
7' satisfying (=m2 A ns)U(=m3 A —s).
Then by the 7th premise and Lemma 39, this path can be modified to a
me-path 7”7 satisfying (—-noU-ms3) A G—ms.
Then 7 - - - mx_17" is an s-path satisfying 1.

— Case 2:
Every state on 7 is a —n; state.
Without loss of generality, we may assume that ; is an ng state for all ¢ > 0.
By the 2nd premise, every state on 7 is a —mg or -3 state.
If there are infinitely many —m3 state on 7, then 7 is an s-path satisfying .
Otherwise, let 7, be a —ng A 13 state.
By the 8th premise and Lemma 40, there is a mg-path satisfying (—mg A
—n)U((=mz A =m1) V (=m0 A —m1)).
Since by the 3rd premise, a —1; state is also a —n5 state, and then by the
7th premise and Lemma 39, the path m can be modified to a mp-path 7’
satisfying (-2 A =m1)U((=m3 A =m1) V (=m0 A =) A G=nps.
Let 7, be the first (-n3 A —=n1) V (-mo A —11) state on 7.
We consider two subcases.
(a) m, is a (—mo A -1 ) state.
Since g, ..., Tg—1, ), ..., T}, are -y state and 7, is a - state, by the
arguments in Case 1, we have an s-path satisfying 1.
(b) 7}, is a (—m3 A —my) state.
Without loss of generality, we may assume that g is satisfied on «f, ..., 7},.
Since ) = 7 and 7, is an 73 state, we have that k¥’ > 1.
Then 7, is used a new starting point replacing the original state s and the
process of the construction of a path satisfying 1 is repeated.
Either the process stops at some step where we have an s-path satisfying
1 as in one of the previous cases, or it continues to infinity and we have
an s-path ¢ such that —n; and 7y are satisfied at all positions and —n3 is
satisfied on infinitely many positions, and then ¢ = .

Case 10. U-right.

Let Y= A(@OU(%OM ¥2,¥3, 304))
Suppose that the premises hold. We prove I' = A, ¢ as follows.

Let s be a state of I'.

If s is a state of some formulas of A, we are done.

Otherwise, suppose that s is not a state of ¢, i.e., there is an s-path satisfying
o R(—p1 A (mp2U—p3) A G=pa).

Let ¢ denote —moR(—m1 A (-m2U-m3) A G-14).

Then by the 1st premise, there is an s-path satisfying .

We prove that there is a contradiction.

By the 7th premise, s is an 19 V 11 V 1 state.



By the 4th and 5th premises and Lemma 25, for every s-path ¢, (i) there is
an m > 0 such that (p,...,(n_1 are ng states and (,, is an 1y V ng state, or (ii)
for all 4 > 0 we have that (; is an 1 state and there is a [ > 0 such that ¢; is an
ns state for all j > [.

Suppose 7 is an s-path satisfying ¥. We divide the possibility of 7 into two
cases.

— Case 1:
There is a k > 0 such that 7% satisfies —ng, and 7* satisfies —n; and —noU -3
for i = 0,1,...,k, and 7’ satisfies —ny for i > 0.
Let k be the least number such that the above holds.
This case is inconsistent with condition (ii), and it remains to show that it
is inconsistent with (i).
By the 6th premise, m; is a —5 state for all ¢ > 0, otherwise, 74 has to hold
somewhere on the path.
By the third premise, ng and —m3 cannot be satisfied at the same position
on the path.
Since 7 = —mpU-m3 for i = 0,1,..., k, n cannot be satisfied at any =; for
1=0,1, ..., k, otherwise, suppose that m; satisfies 7g, then by the 2nd premise,
ne and 73 has to be satisfied for all ¢ > j, contradicting to 77 = —nU-ms3.
This means that 7; is a —=n; A —ng state for ¢ =0, ..., k.
This together with that m is a —ng state is inconsistent with condition (i).
— Case 2:
For all i > 0, we have 7 satisfies —1; and —meU—-ms and —ny.
Since 7’ satisfies —noU—m3 for all ¢ > 0, there are infinitely many positions
on 7 satisfying —ns.
This is inconsistent with condition (ii).
In addition, by the arguments similar to that in Case 1, we have that =; is
a —m A —g state for every ¢ > 0.
This is inconsistent with condition (i).

7.3 Relative Completeness

Relativeness The relative completeness assumes the expressiveness condition
stated in Section 3.2 and the following condition on the underlying first order
proof system.

If I and A are sets of first order formulas and I' = A is needed as a
premise in the proof, then I" F A is provable by the underlying first
order proof system when I' = A holds.

In the following, we prove that the proof system is relatively complete.



Derived Rules For the first, we provide a derived rule for proving conjunctive
formulas as follows.

F7<p03301|_A
Iipo N1 B A

It is easily seen that this rule can be derived from the rules for conjunction.

Definition 22. Let ¢ = A(ooU(p1, 92, v3,04)) and ¢’ = A(poR(p1, 02, ©3,¢4))-
Then 57, Sy, Sg, Sg* and Sﬁ are sets of states defined as follows.

— s€ 85, if sis an A((p2Ryps) V Fa) state.

— S E€8,, if s is a ¢ state and not a ¢y state and not an Sy, state.
- s€ SQ’, if s is a o state and a @3 state and not a ¢ state.

—s€ Sg*, if s is a p3 state and not an S7, state.

- s€ Sﬁ, if s is a @1 state, an A(p2Uys) state, an AGoy state, and not a ¢’

state.

The set S (U, ), Where A(poUpr) is a special case of A(oU(¢1, 02,03, ¢4)),
is defined according to Sy, that is s € Sa(pvy,) iff s is an A(poUep1) s-
tate and not a ¢; state. The set 5114\[&;»17 where AGyp; is a special case of
A(poR(p1, p2,93,p4)), is defined according to Sﬁ, that is s € Sage, iff s is
a 1 state and not an AGyp; state.

Lemma 52. Let ¢ = A(poU (@1, 92,03, 04)) and ¢" = A(poR(p1, 92, ©3,04))-

1. Let S1=8,, Y1 =6(p1) U S5, and Zy = 0(p3).

2. Let Sy = SY and Yo = 0(p V (03 A ¢0)).

3. Let S3 = Sg* and Y3 = 0(p3 vV AF¢,).

4. Let Sy = Sg and Y3 = 0(p1) UO(A(p2Up3)) UO(AGpy).

Then Gr(S1) is a Y1-bounded Zy-infinite subgraph, and for i € {2,3,4}, Gr(S;)
s a Y;-terminating subgraph.

Proof. The first part of this lemma corresponds to Lemma 36 and Lemma
37, and can be proved in a similar way. The second part corresponds to Lemma
44, and can be proved directly by applying the definition of the respective sets
in Definition 22. O

In the following, we present a set of lemmas, numbered from 53 to 59, which
correspond to respectively Lemmas 38, 34, 35, 45, 46, 47, 48.

Lemma 53. Let o = A(poU (1,02, 93, 04)). Let mo = F (S,), ni = F (0(¢:))
fori = 1,3, ng = F(Sj;) states. Then there are e,w,u and T such that the
following hold.

— TNo, 713 ': —|U;;
—mEwAle=v—=[m VeV Ael v)]).
— ({o(z) | I(w)(0)},C) is {o(x) | I(w A u)(o) }-well-founded.



Proof. This lemma follows from Lemma 21, with the following instantiation
of S, Z,Y.

- 5=25,.
- Zi@(%)-
— Y:Q(gpl)US;.

The conditions in Lemma 21 are ensured by Lemma 52(1). O

Lemma 54. Let ¢ = A(poUg1). Let ng = F(S,) and m1 = F (0(¢1)). Then
there are e,w and = such that they define a well-founded set and

m [ wy Ae=v—=[mV(npAeCv)]).

Proof. This lemma is a special case of Lemma 53, with o, 3, ©4, 13,76, U
replaced by L. O

Lemma 55. Let ¢ = AFp1. Let ng = F (0(p1 A AF 1)) and m1 = F (6(¢1)).
Then there are e,w and C such that they define a well-founded set and

no | ws A(e=v—[mV(nAeC v)]).

Proof. This lemma is a special case of Lemma 54, with A(poUp1) replaced
by AF @1 and Sa(,ou4,) replaced by (1 A AFpy). O

Lemma 56. Let o = A(poU (1,02, @3, p4)). Suppose that ng = ﬂF(Sg), N =
F(0(p;)) fori=0,3, and m = F (0(p)). Then there are e,w and T such that
they define a well-founded set and

=1 = wi A ([ V (s Amo)) A (e Eo—mg)] = e 7 v)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

— S =S8 and F(S) = F(S)) = .
=Y =0(pV (p3Agpo)) and [(Y) ==(n V (13 A1o)).

The conditions in Lemma 23 are ensured by Lemma 52(2). a

Lemma 57. Let ¢ = A(poU(v1, 92, p3,04)). Suppose that n; = —\F(Sg*),
N3 = F (6(es3)), and 15 = F (0(AFp4)). Then there are e,w and T such that
they define a well-founded set and

—nr = wi A (([(ns V) A (e T o= mr)] = e # 0)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

- S= qg* and f (S) = F(Sg*) = 7.
— Y =0(p3 VAFp) and F (Y) = =(n3 V 15).



The conditions in Lemma 23 are ensured by Lemma 52(3). O

Lemma 58. Let o = A(poR(p1, 2, ©3,p4)). Suppose that ng = ﬁF(Sg), N =
F(0(pi)) fori=1,4, 13 = I (0(A(p2Us)), and ns = F (0(—pa V AGp4)). Then
there are e,w and T such that they define a well-founded set and

—no = wg A (([m Anz Ans Ans A (e C v — )] — e # v)).

Proof. This lemma follows from Lemma 23, with the following instantiation
of Sand Y.

- S:b:g and _F(S):F(Sg)f—\no.
=Y =0(p1) UO(A(p2Uwp3)) UO(AGps) and F (Y) = =(n1 Anz Ans Ana).

The conditions in Lemma 23 are ensured by Lemma 52(4). O

Lemma 59. Let p = AGp1. Suppose that ng = —\F(SXG%), andmn = F (6(p1)).
Then there are e,w and E such that they define a well-founded set and

o = wg A([m A (e Ev— —mo)] = e#v).

Proof. This lemma is a special case of Lemma 58, with g, @2, 3, @4 replaced
by T. a

Completeness The proof system is relatively complete for CTLT. This is stated
and proved as follows.

Theorem 8. Let I', A be two sets of CTLY formulas. If I' = A, then I' - A.

Proof. Suppose that I' = A holds. If I and A are two sets of first order
formulas, we have I' - A by the relativeness condition. The rest of cases is
proved by induction on the structure of I" and A as follows.

Case 1. I' = T" U {~p}.

The rule —-left is applicable.

We have to prove I = A, ¢ under the supposition I/, - = A.

Let s be a state of I .

If s is a state of ¢, we are done. Otherwise, s is state of I U {—¢}. Then by
the supposition, s is a state of some formula of A.

Case 2. I'=T"U{po A ¢1}.

The rule A-left is applicable.

Since we have the derived rule for conjunction, it is sufficient to prove I'’, ¢g, p1 =
A under the supposition I, gg A 1 = A.

Let s be a state of I'" U {0, ¢1}-

Then s is a state of I U {¢g A ¢1}. By the supposition, s is a state of some
formula of A.



Case 8. I'=T"U{AXp1}.

The rule X-left is applicable.

We have to prove that there is an 7; such that the premises the rule hold
under the supposition I, AX 1 = A.

Let 1 be the representation of the set of yi-states. It is easily seen that the
premises hold.

Case 4. I' = T" U{A(woR(p1, 92, ¢3,04))}-

The rule R-left is applicable.

Let ¢ = A(poR(p1, 2, @3, ¢4))-

We have to prove that there are nyg, ..., 15, €1, €2, w1, wa, =1 and Co such that
the premises of the rule hold under the supposition I/, ¢ | A.

Let n; = F(0(p;)) for i = 1,2, 4.

Let 03 = F (0(A(p2Ugp3))).

Let no = —\F(Sg).

Let 05 = ~F (Shgy,) = F (0(-pa V AGepy)).

It is easily seen that the 1st premise holds.

Since 73 is the representation of the set of A(p2Ups) states, every state that
is both a @9 state and has all the successors in 73 is also in 73. Therefore the
2ns premise holds.

Regarding the 3rd premise, by Lemma 58, there are e;,w; and C; such that
—mo = (wi)z! A ([(m Ans Ans Ana) Aer T or = no)] — er # v1).

Regarding the 4th premise, by Lemma 59, there are es, wo and Cs such that
—ms = (w2)32 A ([na A (e2 Ta v2 = 15)] — e # v2).

Let s be a state of I'.

If it is a state of A, then the 5th premise holds. Otherwise, since s is not a
state of ¢, s is either a state of -, a state of =1y, a state of —n3,a state of -y,
or a state of —n4. Therefore the 5th premise holds. O

Case 5. I' = F/ U {A(@OU(@17§02’§03’§04))}'

The rule U-left is applicable.

Let ¢ = A(poU(¢1, 92, ¢3, ¢4))-

We have to prove that there are 7y, ..., 77, €1, w1, €2, wo and £1, Cs such that
the premises of the rule hold under the supposition I, ¢ E A.

Let n; = F (0(p;)) for i =0,2,3,4.

Let m = F (0(p)).

Let 75 = F (0(AFy)).

Let ng = =F (S)).

Let n7 = =F (S5).

It is easily seen that the 1st, 2nd, 3rd, 4th, 5th and 10th premises hold.

Since 11 is the representation of the set of ¢ states, every state that is both an

1o state and has all the successors in 7 is also in 7;. Therefore the 6th premise
holds.



Since 75 is the representation of the set of AF ¢, states, every state that has
all the successors in 75 is also in 75. Therefore the 7th premise holds.

Regarding the 8th premise, it is easily seen that we have —ng = —(m V n2),
and by Lemma 56, there are e1, w; and £ such that —ng = (w1)& A ([(m V (93 A
no) A (e1 1 v1 — 16)] — €1 # v1).

Regarding the 9th premise, it is easily seen that we have —n7 = —=(n5Vn2), and
by Lemma 57, there are e, we and Ty such that -7 = (w2)22A([(n3Vns)Ae2 Co
Vo — 777)] — €9 7é ’Ug).

Case 6. A= A" U{~p}.

The rule —-right is applicable.

We have to prove I, p = A’ under the supposition I = A’ —p.

Let s be a state of 'U{p}. Since s cannot be a state of —, by the supposition,
s is a state of some formula of A’

Case 7. A= A" U{po A p1}.

The rule A-right is applicable.

We have to prove I' E A’ g and I' E A’, 1 under the supposition I' |
Al po A1

Let s be a state of I'.

If s is a state of some formula of A’, we are done. Otherwise, by the suppo-
sition, s is a state wg A w1. Then s is a state of both g and ;.

Case 8. A=A U{AX1}.

The rule X-right is applicable.

We have to prove that there is an 7; such that the premises of the rule hold
under the supposition I' = A", AX ;.

Let 11 be the representation of the set of ¢;-states.

It is easily seen that the premises hold.

Case 9. A= A" U{A(@oR(¢1,¥2,¢3,%4))}

The rule R-right is applicable.

Let ¢ = A(poR(¢1, P2, ¢3,4)).

We have to prove that there are 7, ..., 74, e, w and C such that the premises
of the rule hold under the supposition I' | A’ p.

Let n; = F (0(;)) for i =0, 3.

Let 11 = £ (8(2)).

Let 7y = F(SA(<P2U<P3))'

Let ns = F (0(AGpa)).

It is easily seen that the 1st and 6th premises hold.

Since an 7); state satisfies A((p2Uwps) A Gpy), it satisfies ¢4 and it either
satisfies 13 or satisfies 75, and therefore the 2nd premise holds.

Since an 7; state is a @ state, if it is not an @ state, every successor state
of the state must be a ¢ state, and therefore the 3rd premise holds.



Since an 74 state is an AGyp, state, every successor state of the state must
be an AGy, state, and therefore the 4th premise holds.

By the construction of 79, we have 7y = ¢2, and by Lemma 54, there are
e, w and C such that the 5th premise of the rule hold.

Case 10. A=A U{A(ooU (1,92, 3, 04))}

The rule U-right is applicable.

Let ¢ = A(poU (g1, p2, 3, 1))

We have to prove that there are g, ..., 75, €, w, u, =, e1,w; and C; such that
the premises of the rule hold under the supposition I' = A’ .

Let o = F (S,)-

Let n; = F(0(p;)) for i =1,2,3,4.

Let 15 = F (6(—ps N AFpy)).

Let ng = F (S;) = F (0(A((p2Re3) V Fpa)).

It is easily seen that the 1st premise holds.

By the construction of 7, if an 74 state is not a ¢4 state and not an 5, state,
then the successors of such a state must still be a 7 state. Therefore the 2nd
premise holds.

By the construction of 7, if an 74 state is not a 3 state, then it must be an
AF @4 state. Therefore the 3rd premise holds.

By the construction of g and by Lemma 53, there are e, w,u and C such
that the 4th and 5th premises of the rule hold.

By the construction of 15 and 74, and Lemma 55, there are e;,w; and £,
such that the 6th premise of the rule holds.

Let s be a state of I'.

If it is a state of A’, then the 7th premise holds. Otherwise, since s is a state
of ¢, s is either a state of 1, a state of ng, or a state of ng. Therefore the Tth
premise holds. a

8 Verification Condition Generation

The verification condition generation process may be supported by a verification
condition generation tool. For experimental purpose, such a tool, denoted vcgtp,
has been developed based on the deduction rules. By providing the necessary
auxiliary constructs, the functionality of the tool is to generate premises of proof
goals, and to some extend, make simplifications of the premises. In this section,
we use Lamport’s bakery algorithm for mutual exclusion for two processes [23]
as an example to demonstrate the process of proving temporal properties using
the verification condition generation approach. The tool and the files contain-
ing the model and auxiliary constructs for illustrating the verification condition
generation process described in this section are available?, and the reader may
refer to Appendix B for details of the formulation of the algorithm, properties,
auxiliary constructs, and axioms in the input language of the tool.

3 http://lcs.ios.ac.cn/~zwh/vcgtp/



Mutual Ezclusion The transition relation of the model (i.e. the algorithm) is
shown in Fig. 3, in which the constant symbols, function symbols, and predicate
symbols are interpreted over natural numbers as usual, and the three constants
S0, 81, S2 are interpreted as different numbers.

%
%

(yy):=(y,+1) |

‘ (va):=(y;+1)

%
%

C v, 0vysy, )

i
'

< y1=0 v y,<yy >

— (v2):=(0)

(v,):=(0) —

Fig. 3. Lamport’s Mutual Exclusion Algorithm

The initial states of the model are characterized by the following formula.
(p1=350Ap2=30Ay1 =0Ays =0).

Properties We consider the following properties. Of these properties, the third
one is not satisfied by the algorithm.

) G(=(p1 = s2 Ap2 = s2))

) G(p1 =51 — F(p1 = s2))

) G(p1 = 50 = F(p1 = s2))

) G(p1 = so A (FG(p1 = s9) = L) = F(p1 = s32))

A~ N N N

1
2
3
4

Notations For convenience, we write ¢g(p2,y2) for the following formula (which
can be proven to be a safety property of the model).

(P2 =50V y2>0)A(p2=51Vps=3s3Vya=D0).
Some of the proof rules require that we have binary relation symbols such as

C, C; and C,. In the following, for brevity, if nothing is explicitly said about
these symbols, they are taken to be <.

Property 1 For proving the property, it is rewritten to be as follows.

(P1=50Ap2=50Ay1 =0Ay2 =0)F G(=(p1 = 52 Ap2 = 52)).



Let 71 be the conjunction of the following formulas.

(y1 >0)

(y2 > 0)

Ay2=0Vy <))
Ay =0V =(y1 <y2)))

(p1=s51)V(p1=82) =
(p2 =s1) V (p2 = s2) —
“((p2 = 51) A (p2 = 52)
((p2 = s2) A (p2 = 51)
—(p1 = 52 Ap2 = 52)

According to the proof rule for G, initially, three verification conditions are
generated, and these conditions can be simplified to true using first order rea-
soning. Therefore the property holds.

Property 2 For proving the property, it is rewritten to be as follows.
(P1=80ApP2=30Ay1=0Aya =0)F G(p1 =s1 = F(p1 = s2)).

(Step 1) Let 71 be (p1 = s1 — y1 > 0) A o(p2,y2).

According to the proof rule for G, three verification subgoals are generated,
two of which are first order proof goals that can be simplified to true using first
order reasoning. There remains the following proof goal.

(p1 =51 =41 > 0) Apo(p2,y2) - (p1 = 51) = F(p1 = s2).

(Step 2) Let ng,m1 (for proving the subgoal) be defined as follows.

no: —(p1 = s1)
m: (p1=s1 Ayi > 0) A po(p2, y2)

According to the proof rule for Vv, three verification subgoals are generated,
two of which are first order proof goals that can be simplified to true using first
order reasoning. There remains the following proof goal.

(p1 =51 Ay1 > 0) Apo(p2,y2) - F(p1 = s2).

This step can be skipped by using the option “-skip”, i.e., the use of this
option in Step 1 would directly produce the above subgoal. In general, if it is
possible to automatically construct the auxiliary construct*, we may be able to
skip the intermediate steps.

(Step 3) Let eg(p2, y1,y2) denote a term with the following interpretation.

o(s0,y1,92) =1
eo(s2,Y1,Y2) = 2
eo(s1,91,92) =3, if y2a <y
eo(s1,91,92) =0, if y2a >y

4 There has been a lot of research work on automated construction of invariants and
ranking functions over well-founded domains, e.g., [27,3,4,1,18], for automating
the verification process. Automated construction of ranking functions over weak
well-founded domains may as well help automating the use of some of the proof
rules.



Let 19, m,w, e be defined as follows.

no: (p1 =51 Ay1 > 0) Ao(p2,y2)
o (p1 = s2)
w: x>0

€. eo(pz,yhyz)

It is easily seen that w and < define a well-founded set.

According to the proof rule for F', three verification conditions are gener-
ated, and these conditions can be simplified to ¢true using the usual first order
reasoning with additionally the following axioms for eg.

eo(s2,y1,Y2) > eo(s0,¥1,0)
eo(50,91,0) > eo(s1,y1,91 +1)
y1 > Y2 — eo(S1,Y1,Y2) > eo(52,91,92)

Property 3 In this case, we prove that property 3 does not hold. The proof goal
is rewritten to be as follows.

(pr=s0Ap2=50Ay1 =0Ay2 =0) Fny G(p1 = so = F(p1 = s2)).

(Step 1) Let 19, m,w, e be defined as follows.

o : T

m: —((p1 =50 Ay1 = 0) Apo(p2,y2))
w: x>0

e: 0

According to the proof rule for G, three verification subgoals are generated,
two of which are first order proof goals that can be simplified to true using first
order reasoning. There remains the following proof goal.

((p1 =50 Ay1 = 0) A wo(p2,y2)) Fn (p1 = s0) = F(p1 = s2).

With the use of the option “-skip”, instead of the above proof goal, the
following is obtained (the rule V is automatically applied in this case).

((p1 =50 Ay1 =0) Apo(p2,y2)) Fn F(p1 = s2).

(Step 2) Let 17 (for proving the subgoal) be the following.

(p1 = so Ay = 0) A o(p2,y2)-

According to the proof rule for F, three verification conditions are generated,
and these conditions can be simplified to true using first order reasoning.



Property 4 For proving the property, it is rewritten to be as follows.

(p1 = s0Ap2 = soAy1 = 0Ay2 = 0) = G(p1 = s0 = (TU(p1 = s2, L, p1 = 50, 1))).

(Step 1) Let 1 = wo(p2,y2).

According to the proof rule for G (and with the rule V automatically applied),
three verification subgoals are generated, two of which are first order proof goals
that can be simplified to true using first order reasoning. After simplification,
there remains the following proof goal.

(pl = 80) A SDO(pZayQ) F (TU(pl = 827J-7p1 = 807J-))'

(Step 2) Let 60(p17p27

y1,y2) denote a term with the following interpretation.

66(507y13y2) =1

66(52ay17y2) =2

eo(s1,y1,92) =3, if y2 <1
eo(s1,91,92) =0, if y2 > 1
60(5i73jayl,y2) = 4(1 _ ’L) + €6<5j7yl,y2)

Let ng, ..., n6, w, u, e, w1, e; be defined as follows.

e ((p1 = 50) V (p1 = 51 Ay1 > 0)) A wo(p2,y2)
- (p1 = 52)

72,M4, M5, M6 * L

n3: (p1 = s0)

w : x>0

u: z>3

e: eo(p1, P2, Y1, Y2)

w1y - x>0

er: 0

Let C be the following set of pairs.

{(a,0) [b =4} U{(a,b) |a <b <3}

It is easily seen that w,u, C define a weak-well-founded set.

According to the proof rule for U, ten verification conditions are generat-
ed, and these conditions can be simplified to true using the usual first order
reasoning with an appropriate set of axioms characterizing eq.

Summary Numbers of steps for the verification of the 4 properties are shown as

follows.
Property T/F|Steps
(1) G(=(p1 = 52 Ap2 = s2)) T 1
(2) G(pl =81 — F(pl = 82)) T 3(2)
(3) G(p1 = s0 = F(p1 = s2)) F (3(2)
(4) G(p1 = so A (FG(p1 = s9) = L) — F(p1 = s2))|T  |3(2)




For each of the 2nd, 3rd and 4th properties, there are 3 steps when we follow
the steps of the proof rules, and one of the steps may be skipped automatically. At
each step, a number of verification subgoals are generated according to the proof
rules, and simplified according to first order reasoning with possibly additional
axioms for characterizing the user-defined symbols. Regarding the above steps
in this example, either all verification subgoals are dismissed automatically in
a step, or there remains one verification subgoal that is used as the verification
goal for the next step.

A On Related Works

For reasoning of LTL properties, proof rules have been developed by Manna and
Pnueli in [28]. With the proof rules, one may reduce the verification problem to
first order reasoning, by providing necessary auxiliary constructs. In the general
case, when a verification problem is not handled by these proof rules, a transfor-
mation scheme is provided for transforming the problem into a validity problem
of a kind of LTL formulas. Although this approach reduces a program verifica-
tion problem to a validity checking problem of logic formulas, the underlying
logic is too strong in the general case, and may not be very much helpful for
reducing the complexity of the reasoning. An example of such a transformation
is provided in Section A.1.

For reasoning of CTL properties, proof rules have been proposed by Fix and
Grumberg in [15], for reducing the verification problem to first order reasoning
with provided necessary auxiliary constructs. However, the completeness issue
might be a problem. An example is provided in Section A.2.

In [34,21,17], Pnueli, Kesten and Gabbay have worked on deductive proof
systems for CTL*. The main techniques used in the approach are decomposition
and reduction. The use of the rules (backwards) makes a simplification of the
property to be proved by increasing the complexity of the program, and there-
fore it requires more effort to understand the new program in order to be able
to construct useful auxiliary constructs for proving a property (the approach re-
minds the automata-theoretic approach of verification [35] in a way that we first
have to make a composition of the program and the property in some way and
then check a simpler property of the composition). In addition, the completeness
issue might also be a problem. An example is provided in Section A.3.

In [11], Cook et. al. have put the emphasis on automated verification of CTL*
properties, and as stated in the paper, it provides a fully automated tool for sym-
bolically proving CTL* properties of infinite-state integer programs, and it has
been reported that a set of interesting CTL* properties can be automatically
verified in the given case studies. Due to the use of determinization and ap-
proximation techniques, not every problem instance can be solved successfully,
and the incompleteness due to determinization has been pointed out in [11]. An
example is provided in Section A.4.



A.1 Example 1

In this subsection, we provide an example showing how a program verification
problem is transformed into a problem of checking the validity of a temporal
logic formula, by using the approach provided in [28]. Let the program be the
one in Fig. 1.

Property Let 1, = (y=0vy=1)U(y=2V(z=2R(y=3Vz<0))). Suppose
that we are trying to prove Py | ;.

Problem Transformation Let X denote the next operator such that Xz is the
value of z at the next state. Let p denote the disjunction of the following formulas.

(y=0ANXy=1NXz=—2)
(y=0AXy=0ANXz=2-1)
(y=1A(z=2)AXy=1ANXz=2-1)
(y=1ANz2=2AXy=2AX2z2=0)
(y=1Az=1"AXy=3ANXz=0)
(y=2Nz>yANXy=1AXz=2)
(y=2A"Xy=2AXz=2+1)
(y=3Nz>yANXy=2ANXz=2z2)
(y=3AXy=3ANXz=2z+1)

Then the task of proving P; = 11 may be reduced to proving the validity of
the following formula, under the usual interpretation of integers and operations
on integers.

z2>0ANy=0AG(p) = 1.

Then it would be desirable to have an approach for reducing such a validity
checking problem to first order reasoning. Although in general there is a lack of
this kind of approaches, for this particular instance of the problem, there is way
to do it (cf. Section 1).

A.2 Example 2

In this subsection, we provide an example showing that there are problem in-
stances that are not handled by the approach provided in [15]. Let the program
P>, = P; be the one presented in Fig. 1.

Property Let s éﬁE(ﬁ((y:i’)\/y: 2Q)ANz=0U—-(y=0vVy=1Vvz=0).
Suppose that we are trying to prove P = 1)s.

Verification Approach For proving that P | 1o, we have to prove that P
satisfies y = 0 A z > 0 — 1p9. The only rule that is applicable is the =EU rule,
with fi and fo instantiated to respectively =((y = 3Vy = 2) Az = 0) and
-(y=0Vy=1Vz=0). This means that either we have to establish (1) or we
have to find a first order formula 1 such that (2) holds.



Dy=0Az>20—-f1 A—fy
2)y=0Az>0—nand n— ~fo AAX(nV (-f1 A fa)

It is easily seen that neither of the cases holds.

A.3 Example 3

In this subsection, we provide an example showing that there are problem in-
stances that are not handled by the approach provided in [17]. For this example,
a program has five components, a set of variables, a formula representing the
initial states, a transition relation, a set of justice conditions and a set of com-
passion conditions. For brevity, we present the program Ps we are considering as
a graph shown in Fig. 4. The program P; can be considered as a simplification
of P1 .

Fig. 4. The Program P; = (V,0,p,0,0)

Property Let 13 2 AXEF(y = 1ANG(y =1V y = 2)). Suppose that we are
trying to prove P5 = 3.

Verification Approach For proving that Ps; |= 13, we have to handle the path
formula G(y = 1V y = 2). The only rule we can use is the Basic-Path rule.
The use of this rule reduces the proof of P; = (y = 0) = 13 to a proof of
P ||| T[Gly=1Vy=2)|F (y=0) = AXEF(y = 1 A xgy—1vy—2)), Where
T[G(y =1V y=2)] is the tester for G(y =1V y =2).

The Tester The tester is presented in Fig. 5. For brevity, the Boolean variable
TG(y=1vy=2) 18 written as x.

The Parallel Composition The parallel composition Ps ||| T[G(y = 1V y = 2)]
has 16 states, i.e., there are 4 possibilities for the values of y, and 2 possibilities
for each of the two Boolean variables. The 8 states that satisfy Er are not fair
ones. The other 8 states that satisfy =€r and the transitions between these states
are presented in Fig. 6.
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Fig. 6. Parts of P3 ||| T[G(y =1V y =2)]

We have two fair paths: one looping on [} and one looping on 5. Since If
does not satisfy EF(y = 1 A xgy=1vy—2)), it is easily verified that the following
does not hold.

P || TIGly=1Vy=2)|F (y=0) = AXEF(y =1 A xgy=1vy—2))-

Therefore P3 = 13 cannot be proved by reduction to the above verification
goal.

A.4 Example 4

In this subsection, we provide an example showing that there are problem in-
stances that are not well-handled by the approach provided in [11]. The incom-
pleteness has already been discussed in [11]. The purpose of this subsection is
to provide a simple example demonstrating the problem. Let the program P, be
the one in Fig. 7. This is the same as P5 in the previous subsection, presented
in a slightly different form.

The determinized program Pp is shown in Fig. 8 with varsp = Vars U
{n1,n2}. The two new variables are introduced for the determinization of the
program.

Then for checking a property, we have to restrict the attention to the states
that satisfy EG true. The set of states that satisfied EG true is specified as



y'=0; n,#0; n,’=n,-1

°’ n,#0; n,’=n,-1

Fig. 8. The Program Pp = (£, Ep,Varsp)

follows.

CTL(Pp, EG true) =
(y=0Vy=1)A(n1 <0Vna<0)V(y=2An1 <0)V(y=3Any<0).

Property Let 1)y 2 AXEF(y =1AG(y = 1Vy = 2)). Suppose that we are
trying to prove Py | 4.

Verification Approach For each subformula ¢ of 14, we calculate ProveCTL* (¢, P, Pp),
and obtain the following.

@ ProveCTL*(p, P, Pp)
y=1 (y =1, false)
y=1vy=2 (y=1Vy=2, false)
Gly=1vy=2) (v = 2, false)
y=1ANGly=1Vvy=2) (false, true)
EF(y=1AGly=1Vy=2)) (false,true)
AXEF(y=1ANGy=1Vy=2)) |(false, false)

The calculation implies that we have not found any state that satisfies 4.
On the other hand, the set of states that satisfy 14, in fact, include the state
specified by y = 0 when the program under the consideration is Py, and the
states specified by y = 0 A ny < 0 when the program under the consideration is
Pp.



B Details of Verification using VCGTP

In this section, we present the input to the tool for Example 1 in Section 4,
Example 2 in Section 5 and the mutual exclusion example in Section 8.

B.1 Example 1

The model of the transition system in the example in Section 4 is as follows.

VAR
y:int;
z:int;

TRANS
y=0: (y,2):=(1,0-2);
y=0: (y,2):=(0,2z-1);
y=1&! (z=2): (y,2):=(1,z-1);
y=1&z=2: (y,2):=(2,0);
y=1&z=1: (y,2):=(3,0);
y=2&z>y: (y,2):=(1,2);
y=2: (y,2):=(2,2+1);
y=3&z>y: (y,2):=(2,2);
y=3: (y,2):=(3,z+1);

Proving the 1st Property For this purpose, the transition system is appended by
the following that contains the specification of the property, auxiliary constructs
and axioms for characterizing the user-defined function symbol.

SPEC
y=0&z>=0 |- ((y=0ly=1)U(y=2,z=2, (y=312<0) ,FALSE));
AUX
etal: (y=0) | (y=1&z>=0) ;
etal: (y=2);
eta2: (z=2);
eta3: (y=312<0);
etad: FALSE;
etab: FALSE;
etab: (y=3&z<=2) | (y=1&2z<0) ;
W: ((even(x)=1) |x>=0);
u: ((even(x)=1)&x<0);
e: e0(z,y);
wl: (x>=0);
el: 0;
AXIOM

1 (z>=0) |e0(z,1)>=0;

! (z>=0) |e0(z,0)>=0;
(e0(z-1,1)<e0(z,1));
(e0(z-1,0)<e0(z,0));
(e0(0-2,1)<e0(z,0));
(even:e0(z,0))=1;



Suppose that the name of the input file is “melplsl.vvm”, then the command
for verification condition generation is as follows.

./vcgtp melplsl.vvm

The output indicates that all subgoals have been dismissed and therefore the
property holds.

Proving the 2nd Property For this purpose, the transition system is appended
by the following that contains the specification of the property, and auxiliary
constructs.

SPEC

y=0&z>=0 |- (y=1)R((y=0ly=1),z>0,2<=0,TRUE);
AUX

etal: (y=1);

etal: (y=0ly=1);

eta2: (y=01y=1)&z>0;

eta3: (z<=0) ;

etad: (TRUE) ;

w: (x>=0);

e: (z);

B.2 Example 2

The model of the transition system in the example in Section 5 is as follows.

VAR
y:int;
z:int;

TRANS
y=0: (y,z):=(1,2);
y=1&! (z=2): (y,z):=(1,2z-1);
y=1&z=2: (y,2):=(2,0);
y=1&z=1: (y,2):=(3,0);
y=2&z>y: (y,2z):=(1,2);
y=2: (y,2):=(2,z+1);
y=3&z>y: (y,2):=(2,2);
y=3: (y,2):=(3,2+1);

Falsifying the 1st Property For this purpose, the transition system is appended
by the following that contains the specification of the property (for negative
satisfiability), auxiliary constructs and axioms for characterizing the user-defined
function symbol.

SPEC

y=0&z>0 |# ((y!=3)U(2z<0,z<0,y!=2,FALSE));
AUX

eta0l: (y!=3);

etal: ' (((y=01y=1)&z>0) | ((y=31y=2)&z>=0)) ;



etab: (FALSE) ;

etab: ' (((y=0ly=1)&z>0)) ;
eta7: 1 (((y=01y=1)&z>0) | (y=3&z>=0)) ;
wil: (x>=0);
el: (z-y);
w2: (x>=0) ;
e2: (e0(z,y));
AXIOM

1 (z>=0) |e0(z,0)>=0;

1(z>=0) |e0(z,1)>=0;

1 (z>=0) |e0(z,3)>=0;

1 (z>=0&z<=3) | (e0(z+1,3)<e0(z,3));
e0(z,1)<e0(z,0);
e0(z-1,1)<e0(z,1);
e0(0,3)<e0(1,1);

Falsifying the 2nd Property For this purpose, the transition system is appended
by the following that contains the specification of the property (for negative
satisfiability), and auxiliary constructs.

SPEC

y=0&z>0 |# ((y=2|y=3)R(y!=3,z!=y, (z>y),TRUE);
AUX

eta0: ! ((y=0ly=1)&=z>0);

etal: 1(y=3);

eta3: (z>y);
etab: (TRUE) ;

wl: (x>=0) ;
el: (z-y);
w2: (x>=0);
e2: 0;

B.3 Mutual Exclusion
The model of the transition system in the example in Section 8 is as follows.
VAR

pl: {s0,s1,s2};
p2: {s0,s1,s2};

yl: nat;
y2: nat;

TRANS
pl=s0: (p1,y1):=(s1,y2+1);
pl=s1&(y2=0|yl<=y2): (p1) :=(s2);
pl=s2: (p1,y1):=(s0,0);
p2=s0: (p2,y2) :=(s1,y1+1);

p2=s1&(y1=0|!(y1<=y2)): (p2):=(s2);
p2=s2: (p2,y2):=(s0,0);



Preparation of the rest of the contents for input to the verification condition
generation tool is in accordance with the description in Section 8 using the format
presented in the previous subsections for verification and falsification of temporal
properties. A characterization of the function symbol eg used for proving the 4th
property, which was not explicitly given in Section 8, is presented as follows.

(3135073/13 ) C4

eo(s1,51,Y1,Y2) C4

eo(S1, 52, Y1,Y2) C4

eo(s0,81,91,%1 + 1) C eo(S0, 50, Y1,0)
eo(s0, 82,0, y2) C eo(so, $1,0,¥2)
eo(50, 50,91, 0) C 60(80782,y17y2)
eo(s0, S2,Y1,Y2) C eo(S0, 51, Y1, Y2)
eo(s1,50,1,0) C eo(s0, 50, Y1,0)
eo( (
eo( (
eo( (
eo( (
eo( (

51,82,y2 + 1,92) C eg 30782,.@173/2)
51,851,492 + 1, y2) T eo(so0, 51, Y1, Y2)
51,50,91,0) C eo(s1,52,¥1,Y2)
S$1,581,Y1, 91 + 1) C eolS1, 50, Y1, )
51,52,Y1,Y2) C e0(s1,51,%1,%2)

Y1 > Y2 —

Notice that if the domain is specified as integers instead of natural numbers,
we may need additional axioms for dismissing the verification conditions.
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