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10 sec trailer

Two main story lines:
1. Playing with Time: game-theoretic semantics for branching time logic
2. Playing in Time: semantics with uniform time bounds on eventualities

These meet naturally in the finitely bounded semantics
for the computation tree logic CTL.
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Preliminaries: the computation tree logic CTL

Formulae:
pu=plopleVe | EXp|E(@Up) | AlpUyp)

Abbreviations: AX ¢ := =EX =,
EFp :=E(TUyp), AFp:=A(T Uyp)

Intuitive semantics of U:

EX ¢, E(pU1) AX @, A(pUr)




Preliminaries: interpreted transition systems

An interpreted transition system (ITS):
M= (S,R,0,L),
where
» S is a state space,
» R C S xS is a transition relation,

» & a set of proposition symbols,

» L:S — P(P) is a state labelling function.



Preliminaries: formal compositional semantics of CTL

Truth of a CTL-formula ¢ at a state s in an ITS M:

» M,s = piff p € L(s)

> M,s = —piff Ms = ¢

» M,sEpVyiff M,skEgpor M,s =Y

» M,s = EXypiff M,s" = ¢ for some s’ € S such that (s,s') € R

» M,s = E(pU) iff there is a path A starting from s and i > 0
such that M, A(/) = ¢ and M, A(j) |= ¢ for every j < i

» M,s = A(pU1) iff for every path \ starting from s, thereis i > 0
such that M, A(/) = ¢ and M, A(j) |= ¢ for every j < i

Derived clauses:

» M,s = EG iff there is a path A starting from s such that
M A(i) = 1) for every i >0

» M,s = AG 1 iff for every path \ starting from s, o,
M A(i) 1 for every | > 0. %ﬁ
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Fixpoint definitions of the CTL operators
in the standard semantics

Operators on formulae, where Q € {E, A}:
Uqipa(w) =0V (¥ AQX ) Gqualp) =0 A QXp.
Fixpoint characterisations in the standard semantics:

> Q(¢pU0) is the least fixpoint of the operator Uq.y 4
ie, E(pUO) = puZ.Ugyo(Z), A(YUO)=pnuZ Upyo(Z).

» QG4 is the greatest fixpoint of the operator Gq.¢
i.e., EGO =vZ.Gey(Z), AGH =vZ.Gap(Z)

We define inductively on n € N the iterations of these operators:

> UQ(1,6) = 6; UG (1,6) := Uqyy0(UQ(¥,0)).
> GX(0) :=0; G&'(0) == Gq.a(GY(0)) @

7 &
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Complete axiomatic system for CTL

The first complete axiomatic system for CTL was proposed by Emerson

and Halpern in 1982. Here is a streamlined version:

Axiom schemata:

Enough classical tautologies.
(Kx) AX(¢ = ¢) = (AXp = AXY)
(Dx) EXT
(FPeu) E(pUv) < (¢ V (¢ ANEXE(pU1)))

(E(¥ U 0) is a fixpoint of the operator Ug.y; ¢)
(FPau) A(pUv) < (¢ V (9 AAXA(pU7)))

(A(yU0) is a fixpoint of the operator Ua.y 0)
(LFPeu) AG((v V(9 NEXX)) = x) = (E(eU¥) — x)

(E(x U @) is a least pre-fixpoint of the operator Ug.y )

(LFPau) AG((¢ Vv (¢ AAX X)) = X) = (Al Ur) = X)
(A(¥»U0) is a least pre-fixpoint of the operator Ua.y . ¢)

Rules: Modus ponens and Necessitation NECag: - ¢ implies - AG .



Game-theoretic semantics for CTL
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Game-theoretic semantics for CTL

In game-theoretic semantics (GTS), truth of a formula ¢ is determined
in a formal dispute, called evaluation game, between two players:

Eloise, who is trying to verify o, and Abelard, who is trying to falsify it.

GTS defines truth of ¢ as
existence of a winning strategy for Eloise in the evaluation game for .



The (unbounded) evaluation game for CTL

Let M = (S,R,®,L) be an ITS, s;,€S and ¢ a CTL-formula.
Brief description of the (unbounded) evaluation game G(M, sin, )

A position of the game is a tuple (P, s, ),
where P € {Abelard, Eloise}, s € S and 1 is a subformula of ¢.

The game G begins from the initial position (Eloise, sj,, ¢) and proceeds
according to specific rules for each logical connective.

For the temporal connectives EU and AU the game G invokes
embedded subgames that consist in an unbounded number of steps.
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Rules for the evaluation game

1. A position (P, s, p), where p € ® is an ending position.

If p € L(s), then P wins the evaluation game.
Else the opposing player P wins.

2. In (P, s, —)) the game moves to the next position (P, s, ).

3. In (P,s,7 Vv 0) the player P chooses the next position:
(P,s,v) or (P,s,0).

4. In (P,s,EX ) the player P may choose any state s’ such that
(s,s') € R and the next position is (P,s’, ).
The rules for the formulae E(¢) U #) and A(¢> U @), send the players to
play an embedded subgame.

It ends with an exit position, from which the evaluation game resumes.
& s,
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The embedded subgame G

G =g(V,L, s, %v, ), where

V,L € {Abelard, Eloise}, so is a state, and vy and /5, are formulae.
V is the verifier in G, and L the leader. These may be the same.

V and L denote the opponents of V and L, respectively.

G starts from the initial state sy and proceeds from any state s according
to the following rules until an exit position is reached.
i) V may end the game at the exit position (V, s, 1y).
i) V may end the game at the exit position (V, s, y)-
iii) L may select any state s’ such that (s,s’) € R. Then G continues from s’.
If the embedded game G continues an infinite number of rounds,
then the verifier V loses the entire evaluation game.
The rest of the rules for the evaluation game are as follows:
5. In (P,s,E(¢)U#)) the game is continued from the exit position of
g(P,P,s,0,1).
6. In (P,s,A(y)U#)) the game is continued from the exit position ofsf%
g(P,P,s,0,v). b

V Goranko
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The (unbounded) game-theoretic semantics for CTL

Unbounded game-theoretic semantics for CTL :

M, s =15 ¢ iff Eloise has a winning strategy in G(M, s, ).

Theorem
The unbounded GTS for CTL is equivalent to the standard,

compositional semantics of CTL.

The unbounded evaluation games are determined, but possibly infinite.
Can we make them finite?

Yes, by imposing time bounds.
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The (ordinal) bounded game-theoretic semantics for CTL

Evaluation games can be modified by assigning ordinal time limits to the
embedded subgames. That leads to ordinal bounded evaluation games.

The time limit is an ordinal announced by Verifier at the beginning of the
embedded subgame and Verifier has to decrease it after every transition.

Since ordinals are well-founded, the evaluation game is guaranteed to
end in a finite number of moves—even in infinite models.

Thus, the (ordinal) bounded GTS is obtained.

Theorem
The ordinal bounded GTS for CTL is equivalent to the unbounded GTS.

| will now focus on evaluation games with finite time limits.
These define the finitely bounded GTS for CTL.
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CTL with finitely bounded semantics
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Finitely bounded compositional semantics for CTL
The finitely bounded GTS (GTSg,) modifies the truth conditions of AU

and EU by imposing a uniform bound on the number of transition steps
needed to fulfil a given eventuality:

(AU g,) M,s E=m A(p U) iff there is n € N such that for every
history A starting from s, there is i < n such that
MA(T) = ¢ and M) Em ¢ for every j <.
(EUm) M,s =g, E(pU) iff there is n € N, a history \ starting
from s and i < n such that M, A(/) =g, ¥ and
M A() Exm ¢ for every j < i.
(EU ) is in fact equivalent to the standard truth definition of EU.
The derived clause for AG is equivalent to the standard one. For EG:
(EGq,) M, s =n, EGy iff for every n € N, there is a history A,

starting from s such that M, A\,(i) F=m ¢ for every i < n.
(Note that the history )\, depends on n.)

By replacing the truth condition for AU and EG with the ones above, i‘”

we obtain CTL with finitely bounded semantics, denoted by CTLgg. 1801’;8



Example

“ @
O-O—@
O-O—~0—@
“O-0-0—-0—@

M, so = A(pU q) but M, sl A(pU q)

In terms of the GTS: Eloise can win G(M, so, pU q)
in the unbounded evaluation game, or in the ordinal-bounded one,
but not in the bounded version with finite time limits.

Respectively, M, so[= EGp but M, sy =g, EGp. %ﬁ
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Some properties of CTLgg

1. CTLgg = CTL on all image finite models i.e., truth of
CTL-formulae on these is independent of which semantics is used.

2. CTL # CTLgg on models that have infinite branchings.
In particular, the fixed point properties of the operators F and G
fail since the implications EGp — (p A EXEG p) and (dually)
(p vV AXAF p) — AF p are valid in CTL but not in CTLgg.

3. Consequently, CTLgg does not have the finite model property,
as these implications cannot fail in (image-)finite models.

4. Therefore, the validities of CTLgpg are properly included in the
validities of CTL.

Indeed, every non-validity of CTL is falsified in a finite model and
thus, by fact 1, it is a non-validity of CTLgg, too.

The questions of axiomatisation and decidability of CTLgg arise.

R
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Axiomatic system for C'TLgg
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Recalling the fixpoint definitions of CTL operators

Operators on formulae, where Q € {E, A}:
Gqa(p) = 0AQXp; Uquya(p) =0V (¥ AQX ).

The iterations of these operators defined recursively on n € N:
> G(6) = b; G§™(0) = Gau(GA(6)

> UQ(v,0) == 0; UG (1,0) := Uqu,s(Ug(¢,0)).
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Axiomatic system for CTLgg: axioms from CTL

Axiom schemata:

Enough classical tautologies.
(Kx) AX(p = ¢) = (AXp = AX¥)
(Dx) EXT

(FPac) (p AAXAGp) <> AGyp
(AG ¢ is a fixed point of the operator Ga.,,)

(G-PostFPac ) AG (¢ — (p AAXY)) — (¥ — AGyp)
(AG ¢ is the greatest post-fixed point of Ga.,)

(FPeu) E(pU) < (¢ v (¢ AEXE(p U))))
(E(pU1) is a fixed point of the operator Ug., )

(L-PreFPey) AG((¢ V (¢ AEX X)) = x) = (E(pUv)) = x)
(E(¢ U1) is the least pre-fixed point of Ug., ) iﬁ
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Axiomatic system for CTLgg: new axioms

(PreFPeg) (@ ANEXEGp) — EGo
(EG ¢ is a pre-fixed point of the operator Gg.,)
(UB-PostFPgg ) AG (¢ — (¢ ANEX®)) — (v — EG )
(EG ¢ is an upper bound for all post-fixed points of Gg.,)

(PostFPay) AlpU1p) — (¥ V (¢ AAXA(p U y)))
(A(¢U1) is a post-fixed point of Ua., )

(LB-PreFPay) AG (4 V (9 AAX X)) = x) = (Alp U%) = X)
(A(¢ U1) is a lower bound for all pre-fixed points of Ua., )

Additional infinite schemes of axioms (replacing in CTLgg the missing
directions of the standard CTL fixed-point equivalences), for Q € {E, A}:

(EG*) EGy — GE(y), for every n e N.
(AU>) Ui(p,¥) = A(pU), for every n € N.

V Goranko
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Axiomatic system for CTLgg: rules

Standard rules:

Modus ponens and Necessitation NECpg: - ¢ implies - AG ¢

Infinitary rules:

EG-Accumulation: A U -Accumulation:

60 — GE(p), for every ne N FURX(p, ) — 6, for every ne N
FO—EGy FA(eUy)—0

§ o,
Zunlees
7% &
Vs

V Goranko
25 of 38



Axiomatic system for CTLgg: results

Theorem: Axcri,, is sound and complete.
Proposition: CTLgg is not finitely axiomatizable.

Open question: Are the infinitary rules redundant?



Tableaux for CTLgg
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Types and components of formulae in CTLgg

successor formula | successor component
EX ¢ (existential) ®
AX ¢ (universal) 7
-AX ¢ (existential) -
—EX ¢ (universal) -
conjunctive conjunctive disjunctive disjunctive
formula components formula components
e P
A1) p, (e AY) —p,
AG {0, AXAG ¢} “AGy  {=GR(#)}nen
EGyp {GE(¥)} nen —“EGy  {-GE(p)}nen
—E(pUv) {1, ~p Vv —EXE(eUd)} | E(eUv)  {UZ(e,¥)}nen
~A(pUY) {=UR(#, )} nen

AlpUy) {UA(#, ¥)}nen

Closure set ecl(n) of a formula n:

the least set containing 7 and closed under taking components.



Infinitary tableaux for CTLgg in a nutshell

>

Built incrementally from an initial formula 7,
by alternating construction of pre-states and states.

» Every state labelled with a ‘fully expanded’ subset of ec/(n).
» Three phases: construction phase, pre-state elimination,

and state elimination phase.

New ‘successor states’ created in the construction phase, to ‘satisfy’
existential successor formulae in the label of the current state.

No states with repeating labels created, but looping back to existing
states with the needed labels.

» States that do not have the necessary successors are eliminated.
» The constructed tableau may be infinite, and the elimination phase

may go on in a transfinite number of steps, until stabilisation.

The final tableau is obtained when the elimination phase is completed.

It is open if at least one state has 7 in its label, otherwise closed.

An open tableau produces a satisfying Hintikka structure,
from which a satisfying model can be constructed.




Infinitary tableaux for CTLgg: soundness and completeness

Theorem

The infinitary tableau for n € CTLgg is sound and complete: for any
formula n € CTLgg, the final tableau T is open iff 1 is satisfiable.



Infinitary tableaux for CTLgg: example
Infinitary tableau for n = EGp A =(p A EXEG p):

So ({1,EG p, ~(p N EXEG p)} U {GE(p)}nert U {=EX EG p} U {EX GE(p)}ner )

m>k>0

-~ Sokm ({GE(p), 7EG p, p, EXGE(p), ~GE (), “EX GZ (p)}]
Y

i
Sokmor—1 ({p,~GZ~*(p), ~EXGZ ()} ]

Sokmo1 [{ﬁEX G'Er'fk*z(P)}J Sokmok2

Sokmo<21

31 0f 38



A model satisfying n = EGp A =(p A EXEG p)

Sooo1 ? So34

@
So1201 (7P) 50230@ So0340 @
2

5023001 S03400
S0340001 .

Recall: M, s =, EG ¢ iff
for every n € N, there is a history A, starting from s
such that M, \,(7) =g, ¢ for every i < n.
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Towards finitary tableaux: the extended language CTLgg

We add a set of new symbols {n; | i € N*}, called iteration parameters,
replacing natural numbers n; in formulae of type Gg(gp) and Ug((p,?/)).

The resulting extended language: CTLER

NB: G (), UG (@, 1) € CTLEg are not abbreviations.
They are treated as actual formulae, only for the tableaux construction.

The iteration parameter n; is just a symbol. It has no concrete value.

Intuitively, n; takes an “arbitrarily large” but finite and fixed value which
represents the number of iterations.

The index i € N indicates when the “value” of n; has been fixed
(with respect to the other iteration parameters).
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Finitary tableaux for CTLgg

Components of some formulae in CTLgg are now re-defined as follows:

formulae conjunctive components
AGp {o, AXAG p}
EGy, Gg'(p) {, EXGE (¢)}
ﬁE(Sﬁuw) {_'U]a_‘@\/ —EX UE’(%W

—A(p Uy), 2UR (¢, 9)

}
{ﬁ/l/% ' vV —AX UZ’(% w)}

‘ formulae

disjunctive component

—AGp, =Gy (¢)
-EGp, -GE (9)
E(pUv), UE (v, 9)
A(pU), UN (e, ¢)

{—p, "AXGY ()}
{—p, "EXGE(¥)}
{¥, 0 NEXUE (o, ¢)}
{¥, 0 NAXUR (0,9)}

Closure sets of formulae and full expansions are defined as before.

New parameters can be introduced in the full expansions.

The tableaux building and state elimination phases are suitably modified. &

The tableaux are now always finite.



Finitary tableaux for n = EGp A =(p A EXEG p)

Po

So ({1,EGp, ~(p A EXEG p) p, EXGP (p), ~EXEG p} |
Poo
Soo0 ({GE (), ~EG p, p,EXGE' (p), "EX GE(p)}
Pooo | {G;l(p),:G?(p)} |
Sooo ({p, EXGE! (p), “EXGE (p)} ]
Soooo
Pooooo

S00001 Gg*(p)} | Sooo02 & i:“o
- Poooo20 [
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Results

Theorem
The infinitary tableau for any formula n € CTLgg is open
if and only if the finitary tableau for 1) is open.

Corollary
The finitary tableau for CTLgg is sound and complete.

Theorem

The complexity of running the finitary tableau for CTLgg
is EXPTIME-complete.

Corollary

The satisfiability problem of CTLgg is decidable and
EXPTIME-complete.
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Summary and concluding remarks

The motivation for the logic CTLgg was two-fold:

— natural game-theoretic semantics,

— uniform boundedness of the time limit for satisfaction of eventualities
across all branches.

Both apply beyond CTL and also produce respective finitely bounded
versions of other logics, e.g. CTL*, the modal mu-calculus, and ATL.

CTLgg has some special features, incl. the lack of finite model property.

That, in particular, requires an infinitary Hilbert-style axiomatization.

Likewise, the natural tableau for CTLgg is infinitary, but can be made
finitary by symbolic treatment of infinite bundles of similar branches,
thus providing a decision method for the satisfiability in CTLgg.

The end (almost)
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