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Abstract. We develop a sound, complete and practically implementable
tableaux-based decision method for constructive satisfiability testing and
model synthesis in the fragment ATLT of the full Alternating time tem-
poral logic ATL*. The method extends in an essential way a previously
developed tableaux-based decision method for ATL and works in 2EXP-
TIME, which is the optimal worst case complexity of the satisfiability
problem for ATLT. We also discuss how suitable parameterizations and
syntactic restrictions on the class of input ATLT formulae can reduce the
complexity of the satisfiability problem.

1 Introduction

The Alternating-time temporal logic ATL* was introduced and studied in [1] as a
multi-agent extension of the branching time temporal logic CTL*, where the path
quantifiers are generalized to “strategic quantifiers”, indexed with coalitions of
agents A and ranging over all computations enabled by a given collective strategy
of A. ATL* was proposed as logical framework for specification and verification
of properties of open systems modeled as concurrent game models, in which all
agents effect state transitions collectively, by taking simultaneous actions at each
state. The language of ATL* allows expressing statements of the type “Coalition
A has a collective strategy to guarantee the satisfaction of the objective & on every
play enabled by that strategy”. The syntactic fragment ATL of ATL* allows only
state formulae, where all occurrences of temporal operators must be immediately
preceded by strategic quantifiers. The fragment ATLT of ATL* extends ATL by
allowing any Boolean combinations of ATL objectives in the scope of a strategic
quantifier. It is considerably more expressive than ATL, which is reflected in
the high — 2EXPTIME — worst case complexity lower bound of the satisfiability
problem for ATL™ (inherited from the lower bound for CTL™, see [8]) as opposed
to the EXPTIME-completeness of the satisfiability problem for ATL [4,11]. The
matching 2EXPTIME upper bound is provided by the automata-based method
for deciding satisfiability in the full ATL*, developed in [10].
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The contribution of this paper is the development of a sound, complete and
terminating tableaux-based decision method for constructive satisfiability testing
of ATLT formulae, which we also claim to be intuitive, conceptually simple and
transparent, as well as practically implementable and even manually usable,
despite the inherently high worst-case complexity of the problem. The tableaux
method presented here is based on the general methodology going back to [9]
and [12]. It was further developed for ATL in [7] to which the reader is referred
for more details, and a recent implementation is reported in [3]. The tableaux
method for ATL* is an essential extension of the one for ATL, as it has to deal
with much more complex (and computationally expensive) path objectives that
can be assigned to the agents. It is also rather different from the above mentioned
automata-based method in [10].

The paper is structured as follows. In Section 2 we offer brief technical pre-
liminaries on concurrent game models, syntax and semantics of ATL* and ATL*.
Section 3 develops the technical machinery needed for the presentation of the
tableaux method itself in Section 4. Section 5 contains the main results related
to termination, soundness, completeness and complexity of the procedure. In
Section 6 we offer a brief comparison with the automata-based method in [10].

For lack of space, we only provide here very brief sketches of the proofs of
the soundness, completeness and some other technical claims. A full version of
this paper, including detailed proofs, is available as a technical report [2].

2 Preliminaries

We assume that the reader has basic familiarity with the branching time logic
CTL*, see e.g. [5]. Also, basic knowledge on ATL* [1] and the tableaux-based
decision procedure for ATL in [7], on which this paper builds, would be beneficial.

2.1 Concurrent game models, strategies and co-strategies

A concurrent game model [1] (CGM) is a tuple
M = (A, St, {Act, }aca, {acta baca, out, Prop, L) comprising:

— a finite, non-empty set of players (agents) A ={1,... k}

— a non-empty set of states St,

— a set of actions Act, # @) for each a € A.

For any A C A we denote Acty := HQGA Act, and use g4 to denote a tuple
from Acta. In particular, Acty is the set of all possible action profiles in M.

— for each a € A, a map act, : St — P(Act,) \ {0} defining for each state s the
actions available to a at s,

— a partial transition function out : St X Acty — — St that assigns determin-
istically a successor (outcome) state out(s,o,) to every state s and action
profile gy = (01, ...,0k), such that o, € act,(s) for every a € A,

— a set of atomic propositions Prop, and a labelling function L : St — P(Prop).
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Concurrent game models represent multi-agent transition systems that func-
tion as follows: at any moment the system is in a given state, where each agent
selects an action from those available to him at that state. All agents execute
their actions synchronously and the combination of these actions together with
the current state determine a transition to a unique successor state in the model.
A play in a CGM is an infinite sequence of subsequent successor states, i.e., an
infinite sequence sgsy... € St of states such that for each 7 > 0 there exists an
action profile o4 = (01, ..., 0k) such that out(s;,04) = S;41. A history is a finite
prefix of a play. We denote by Plays,, and Histx respectively the set of plays
and set of histories in M. For a state s € St we define Plays,(s) and Histq(s)
as the set of plays and set of histories with initial state s. Given a sequence of
states A, we denote by A¢ its initial state, by A; its (i + 1)th state, by A<; the
prefix Ag...A; of A and by A>; the suffix A\jAiy1... of \. When A = Ag... )\, is finite,
we say that it has length ¢ and write |\| = £. Further, we put last(\) = Ap.

A (perfect recall) strategy for an agent a in M is a mapping F, : Histpq — Act,
such that for all h € Histyq we have F,(h) € act,(last(h)). Intuitively, it assigns
an admissible action for agent a after any history h of the game. We denote
by Strata(a) the set of strategies of agent a. A (collective) strategy of a set
(coalition) of agents A C A is a tuple (Fj)aca of strategies, one for each agent
in A. When A = A this is called a strategy profile. We denote by Strata(A)
the set of collective strategies of coalition A. A play A € Plays,, is consistent
with a collective strategy Fa € Strataq(A) if for every ¢ > 0 there exists an
action profile o4 = (01, ...,0k) such that out(\;,04) = Ait1 and 0, = Fi(A<)
for all a € A. The set of plays with initial state s that are consistent with Fy
is denoted Plays (s, Fia). For any coalition A C A and a given CGM M and
state s € St, an A-co-move at s in M is a mapping Act} : Actqa — Acty\a
that assigns to every collective action of A at the state s a collective action at
s for the complementary coalition A \ A. Likewise, an A-co-strategy in M is a
mapping F'§ : Stratag(A) X St — Actyy 4 that assigns to every collective strategy
of A and a state s € St a collective action at s for A\ A.

2.2 The logic ATL* and fragments

The logic ATL* is a multi-agent extension of CTL* with strategic quantifiers
{(A) indexed with coalitions A of agents. There are two types of formulae in
ATL*: state formulae, that are evaluated at states, and path formulae, that are
evaluated on plays. To simplify the presentation we will work with formulae in
negation normal form over a fixed set Prop of atomic propositions and primitive
temporal operators Always [J and Until U. The syntax of the full language
ATL* and its fragments ATLT and ATL can then be defined as follows, where
l € PropU{—p|p e Prop} is a literal, A is a fixed set of agents and A C A:

State formulae: ¢ := 1] (V@) | (0 A@) | (AP | [A]®
ATL*-path formulae: ® .= ¢ | O@ | OP | (PUP) | (PV D) | (P N D)
ATL " -path formulae: ® == ¢ | O¢ | Op | (eUp) | (PV D) | (P A D)
ATL-path formulae: & := Qe | O | (pUp)

1
2
3

/—\/\/—\/—\
— O ~— ~—
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Note that the state formulae have the same definition but define different
sets in all 3 cases. To keep the notation lighter, we will list the members of the
set A in ((A)) without using {}. When the length of a formula is measured, A will
be assumed given by a bit vector. Parentheses will be omitted whenever safe,
but they will be important when conjunctions and disjunctions are composed.

Hereafter, we use ¢, ¥, 1 to denote arbitrary state formulae and @, ¥ to
denote path formulae. By an ATLT formula we will mean by default a state
formula of ATL™; likewise for ATL. We define T := pV —p, L := =T and the
temporal operators Sometime ¢ by Q¢ := TUp and Release R by ¢ Ry :=
Op V oU(p A1). Note, that (A)p Ry and [A]p R are ATLT state formulae.

CTL* can be regarded as the fragment of ATL* where () represents the
path quantifier V and {(A)) represents 3. The semantics of ATL* (inherited by
ATLT) is defined in a given CGM M, state s € M and a path A in M just like
the semantics of CTL*, with the added clauses for the strategic quantifiers:

— M, s E (A)P iff there exists an A-strategy Fa such that, for all computa-
tions A consistent with Fa, M, A = &.

— M, s = [A]® iff there exists an A-co-strategy F'§ such that, for all compu-
tations A consistent with F§, M, A = &.

Valid, satisfiable and equivalent formulae in ATL* are defined as usual. Here
are some important equivalences in LTL [5] and in ATL* [1, 6], used further:
- W=vA00¥; UT =0V (PANQO@UD));
— (O)0w = A (C) O (C)H0¥; (CHeUP =w Vv (D A(C) O (CHPUP);
- [Claw =¥ A[C] O [C]E%; [CleUw =T Vv (2 A[C] O [C]PU D),

—[AlO¢==(A) O-p= (D) Op; (AN(BHP = (B)P;
— For every state formula p: {(A) (@A¥) = pA(AWT, (AN (pVE) = pV {(AYD.

Remark 1. Tt is known [1] that, when restricted to ATL formulae, the semantics
above (based on perfect-recall strategies) is equivalent to the semantics based on
positional (or memoryless) strategies, where the prescribed actions only depend
on the current state, not on the whole history. This is no longer the case for
ATLT. For example, the formula (1) O(pA{1)0q) — (1) (OpAOq) is valid in the
semantics with perfect-recall strategies (which can be freely composed) but not
in the semantics with positional strategies (which cannot be freely composed).

Hereafter, we assume that the semantics is based on perfect-recall strategies.
Here we deal with the (constructive) satisfiability decision problem for ATLT:
Given a state formula ¢ in ATL™T, does there exist a CGM M and a state s in

M such that M, s = ? If so, construct such a satisfying pair (M, s).

Remark 2. There are two variants of this satisfiability problem: tight, where it
is assumed that all agents in the model are mentioned in the formula, and loose,
where additional agents, not mentioned in the formula, are allowed in the model.
These variants are really different, but the latter one is immediately reducible to
the former, by adding just one extra agent a to the language. Furthermore, this
extra agent can be easily added superfluously to the formula, e.g., by adding a
conjunct ((a)) O T, so we hereafter only consider the tight satisfiability version.
For further details and discussion on this issue, see e.g., [11,7].
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3 Decomposition and closure of ATLT formulae

We partition the set of ATLT formulae into primitive and non-primitive formulae.
The primitive formulae are T, L, the literals and all ATLY successor formulae,
of the form (A) O ¢ or [A] O v, each with successor component 1. The non-
primitive formulae are classified as a-, 5- and y-formulae. An a-formula in our
syntax is a conjunction ¢ A @ with (conjunctive) a-components ¢ and ; a (-
formula is a disjunction ¢ V1) with (disjunctive) 8-components ¢ and . The rest
of the non-primitive formulae are classified as y-formulae. That is, a v-formula
is one of the form [A]® or (A)®, where & is an ATLT path formula whose main
operator is not (). We note that, unlike [7], here we do not treat ({A)Oy as an
a-formula nor ((A)e U as a S-formula; both are y-formulae.

The a- and [-formulae will be decomposed in the tableau as usual, while
the case of y-formulae (A)P and [A]P is special and needs extra work, because
their tableau decomposition will depend on the structure of @.

3.1 ~-decomposition and vy-components of y-formulae

We denote the set of ATLT state formulae by ATLS and the set of ATL' path
formulae by ATL;‘. We will define a y-decomposition function dec : ATL;‘ —
P(ATLS x ATL}) with the following intuitive meaning: for any @ € ATL} and
pair (¢, ¥) € dec(P), ¢ is a state formula true at the current state and ¥ is a
path formula expressing what must be true at the next state of a possible play
starting at the current state. Thus, the set dec(®) is interpreted as a disjunc-
tion describing all possible ‘types of paths’ starting from the current state and
satisfying @. The definition of dec is recursive on ATL™ path formulae, as follows.
x dec(p) = {{p, T)}, dec(O¢) = {(T, )} for any ATLT state formula .
The other base cases derive from the well-known LTL equivalences listed in 2.2:
* dec(Oy) = {{p,0p)} and dec(pUy) = {{p,oU1), (¢, T)}.
* dec(Py A Do) = dec(P) ® dec(Ps), where
dec(®1) @dec(P2) := { (i Ay, Wi A¥;) | (i, W) € dec(P1), (1, &) € dec(P2)}.
* dec(Pq V D) = dec(Py) U dec(P2) U (dec(Pq) @ dec(P2)),
where dec(P;) & dec(P2) :=
{(Wi AN, B V) | (i, ) € dec(@1), (¥;,¥;) € dec(Ds), W # T,¥; # T}
The conjunctive case is clear: every path satisfying &, A®5 combines a type of
path satisfying @, with a type of path satisfying @s. To understand the disjunc-
tive case, first note that the use of dec(®;1) ® dec(P2) in the above union reflects
the case of those plays where it is not decided yet which disjunct of &1 V @5 will
hold, so we have to keep both disjuncts true at the present state and delay the
choice. This is why the state formulae v; and 1; are connected by A but the
path formulae ¥; and ¥; are connected by V. Moreover, the & operation avoids
the construction of a pair (¢; A;, ¥; V¥;) where either &; or ¥ is T, because in
that case we would be in a situation already included in dec(®1) or in dec(®Ps).
The three cases for paths satisfying the disjunction @, V &5 can be illustrated
by the picture in Figure 1.
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Fig. 1. The 3 cases for disjunctive path objectives in a y-formula.

Now, let ¢ = {(A)P or ¢ = [A]P be a y-formula to be decomposed. Each pair
(1, ¥) € dec(®P) is then converted to a y-component v(¢,¥) as follows:

VW, W) =9 ¥ =T (5)
A, 8) = % A (AYO(ANE iF C is of the form (A)S, (6)
Y, &) = AAJOTA]® if ¢ is of the form [A]P (7

The following key lemma claims that every ~-formula is equivalent to the
disjunction of its y-components. For the (long and non-trivial) proof see [2].

Lemma 1. For any ATLT ~-formula © = (A)® or © = [A]®:

1 &= \{AOW | (1, ¥) € dec(®)}.

2. (A)D = V{{(A)(W ANQOW) | (¢, ¥) € dec(D)}, and respectively,
[A]® = V{[A] (& A O¥) | (4, ¥) € dec(2)}.

3. 0 =V{v(4,¥) | (¢,¥) € dec(P)}.

Ezxample 1. We will use 2 syntactically similar, yet different, running examples:
0 = (1) (pUq Vv Oq) A (2))(Op AO~q) and ¥ = (1)) (pUq V Og) A [2](Op A Oq).

First, we consider 6. It is an a-formula with conjunctive components 6, =
(1) (pUq Vv Ogq) and 02 = (2))(Op AO=q). Further, 6, is a y-formula of the form
{(A)® where the main connective of @ is V. So dec(f;) = dec(pUq) U dec(Ogq) U
(dec(pUq) & dec(Oq)), where dec(pUq) = {(p,pUq),(q, T)} and dec(Oq) =
{(¢,0¢q)}. Thus, dec(61) = {(p,pUq). (¢; T),(q,0aq), (p A ¢, pUUq vV Ug)}, hence
b = (pA (YO pUG)V (9)V (g A(LHOLLYDg) v (pAgA (INO(L) (pUUg Vv g)).
Likewise, 03 is a y-formula of the form ((A)® where the main connective of ¢
is A. So dec(fz) = dec(Op) ® dec(d—q), with dec(Op) = {(T, Op), (p,T)} and
dec(0—q) = {(—q,0-q)}. Thus, dec(f) = {{T A —=¢,0p A O—q),(p A =g, T A
O=g)} = {(=g, OpATO=q), (pA=g,0-g)} and 03 = (=g A (2)O(2)) (OpAD=g)) v
(p A =g A(2) O (2)0—q).

For 9, the ~-decomposition is similar, we only replace {(2)) by [2]. Thus, we
obtain Uy = (p A (1) O (1)pUq) vV (q) V (¢ A (1) O(1)Bq) vV (p Ag A (1) O
(1) (pUq Vv Lq)) and Iz = (=g A [2JO2](Op AT=q)) V (p A =g A [2]O[2]O~g).

The closure cl(1)) of an ATL™ state formula ) is the least set of ATL™ formulae
such that ¢, T, L € cl(¢) and cl(v) is closed under taking of successor-, a-, 5-

and y-components. For any set of state formulae I we define cl(I") := J{cl(¢)) |
@ € I'}. We denote by |¢| the length of ¢ and by ||| the cardinality of I'.
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Ezxzample 2. The closures of the formulae 6 and ¢ from Example 1 are:

cl(0) = {0,01,02,p A g A (1) O(1)(pUq Vv Oq),p A g,p,q, (1) O(L)(pUq V
Og), g A (1) O(1)0g, (1) O(1)Bq, (1)Dg,p A (L) O{L)pUg, (1) O(1)pUg,
(IpUq, pA=g A 2NOL2N0—g, p A =g, =g, (2)O(2)O—g, (2)0—q, ~g A {2)O
(200=g, ~g A (2) O (2) (Op A O=q), {2) O(2) (Op AT=q), T}

c(®) = {0, 91,92,p Ag A () O (pUgV Oq),p Aq,p,q, (1) O(L) (pUg V
Og), g A (1) O (1) 0q, (1) O(1)Bq, (1)Dg,p A (1) O{1)pUq, (1) O(1)pUg,
(pUq, p A =g A [2]O[2]0-q,p A =¢,—q, [2) O [2]0~q, [2]T-q, ~¢ A [2] O
[2]0-q, =g A [2]O[2](Op A O=g), [21O[2](Op A O=q), T}.

Lemma 2. For any ATLT state formula ¢, ||cl(¢)| < 21¢I°.

Proof. Every formula in cl() has length less than 2|¢| and is built from symbols
in ¢, so there can be at most |¢|2¢l = 22l¢llg: el < 2le* such formulae. O

The estimate above is rather crude, but ||cl(p)]|| can reach size exponential in
|| Indeed, consider the formulae ¢ = (1) (p1Uq1 A (p2Uga A (... AprUqy) - . .)
for k =1,2,...and distinct p1, ¢1,. - ., Pk, Gk, - - - € Prop. Then |¢y| = O(k), while
the number of different y-components of ¢y, is 2%, hence ||cl(¢y)|| > 2*.

3.2 Full expansions of sets of ATLt formulae

As part of the tableaux construction we will need a procedure that, for any given
finite set of ATL™ state formulae I", produces all “full expansions” (called in [7]
“downward saturated extensions”) defined below.

Definition 1. Let I', A be sets of ATL™T state formulae and I' C A C cl(I').

1. A is patently inconsistent if it contains 1 or a pair of formulae ¢ and —p.
2. A is a full expansion of I' if it is not patently inconsistent and satisfies the
following closure conditions:
—ifp ANy e Athenpe Aandp € A;
—ifpoViy e Athenpe AoryeA;
— if o € A is a y-formula, then at least one y-component of ¢ is in A and
exactly one of these y-components in A, denoted (@, A), is designated
as the y-component in A linked to the v-formula ¢, as explained below.

The family of all full expansions of I" will be denoted by FE(I"). It can be
constructed by a simple iterative procedure that starts with {I"} and repeatedly,
until saturation, takes a set X from the currently constructed family, selects a
formula ¢ € X and: if ¢ is a conjunction, then adds both conjunctive components
of ¢ to X; if ¢ is a disjunction, then creates two extensions of X by adding
respectively each disjunctive component of ¢; and if ¢ is a ~-formula, then
creates an extension of X with each y-component 1 of ¢ and designates 1 as the
~y-component of ¢ linked to ¢ in every full expansion of I" eventually produced
by further extending X U{«}. In case when such an extension becomes patently
inconsistent it is discarded from the family. Clearly, this procedure terminates
on every finite input set of formulae I" and produces a family of at most 2/l¢/(Z)ll
sets. Furthermore, due to Lemma 1, we have the following:
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Proposition 1. For any finite set of ATLT state formulae I':
/\Fz\/{/\A | AeFE(F)}.

4 Tableau-based decision procedure for ATLT

The tableaux procedure consists of three major phases: pretableau construction,
prestate elimination, and state elimination. It constructs a directed graph 7"
(called a tableau) with nodes labelled by finite sets of formulae and directed
edges between nodes relating them to successor nodes.

The pretableau construction phase produces the so-called pretableau P" for
the input formula 7, with two kinds of nodes: states and prestates. States are fully
expanded sets, meant to represent states of a CGM, while prestates can be any
finite sets of formulae from ¢l(n) and only play a temporary role in the construc-
tion of P7. States and prestates are labelled uniquely, so they can be identified
with their labels. The prestate elimination phase creates a smaller graph 7, out
of P, called the initial tableau for n, by eliminating all the prestates from P and
accordingly redirecting its edges. Finally, the state elimination phase removes,
step-by-steps, all the states (if any) that cannot be satisfied in a CGM, because
they lack necessary successors or because they contain unrealized eventualities.
Eventually, the elimination procedure produces a (possibly empty) subgraph 7"
of 7y, called the final tableau for n. If some state A of T" contains 7, the pro-
cedure declares n satisfiable and a partly defined CGM (called Hintikka game
frame) satisfying n can be extracted from it; otherwise it declares n unsatisfiable.

4.1 Pretableau construction phase

The pretableau construction phase for an input formula 7 starts with an initial
prestate (with label) {n} and consists of alternating application of two construc-
tion rules, until saturation: (SR), expanding prestates into states, and (Next),
creating successor prestates from states. This phase closely resembles the cor-
responding one for ATL tableaux in [7], with the only essential difference being
the v-decomposition of y-formulae used here by the rule (SR), which causes,
as we will see, a possibly exponential blow-up of the size of the tableaux, and
eventually of the entire worst case time complexity, as compared to the ATL
tableaux. Another (minor) difference with respect to [7] is in the formulation of
both rules, because here we work with formulae in negation normal form.

Rule (SR) Given a prestate I', do the following:

1. For each full expansion A of I" add to the pretableau a state with label A.
2. For each of the added states A, if A does not contain any formulae of the
form (A) O ¢ or [4] O ¢, add the formula (A) O T to it;
. For each state A obtained at steps 1 and 2, link I" to A via a = edge;
4. If, however, the pretableau already contains a state A’ with label A, do not
create another copy of it but only link I" to A’ via a = edge.

w
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Ezample 3. For the formula 6 from Example 1 the initial prestate is Iy =
{1 (pUq Vv Oq) A {(2)(Op AO=g)}. It has 2 full expansions:
A1 = 16,01,65, p, ~a, (1) O{1)pla, (2) O2)(0p A Og)}, and
A3 = {6.01,62,p,p A ~0, ~a, (1) O{1)pUa, (2) O(2)0a}.
Likewise, for the formula 9: Iy = {{1))(pUq vV Og) A [2](Op A O—q)} is the
initial prestate and it has 2 full expansions:
Ay = {9, 91, 92, p. ~a, (L)O (L) ptha. [210[2](0p A D)}, and
Ay = {9,91,92,p,p A =g, —q, (1) O (1)pUq, [2]O[2]5~q}.

In the following, by enforceable successor formula we mean a formula of the
form (A) O ¢ and by unavoidable successor formula one of the form [A] O .

Rule (Next) Given a state A do the following, where o is a shorthand for oy:

1. List all primitive successor formulae of A in such a way that all enforceable
successor formulae precede all unavoidable ones; let the result be the list

L = {Ao) O ¢o,-- - {Am—1) O em-1,[46] O %o, - -, [411] O 11

Let 74 = m + [; denote by D(A) the set {0,...,ra — 1}, Then, for every
o € D(A), denote N(o) := {i | 0; = m}, where o; is the ith component of
the tuple o, and let co(0) := [Zicn(s)(0s —m)] mod 1.

2. For each 0 € D(A) create a prestate:

I'o ={op | (4p) Oppc Aand o, =pforallaec Ay}
U {tg | [A4g] O tbg € A,co(0) = ¢, and A — Aj € N(0)}

If I, is empty, add T to it. Then connect A to I, with ——.
If, however, I, = I for some prestate I" that has already been added to the
pretableau, only connect A to I" with —Z.

For intuition on the rule (Next) see [7] and [2]. The rules (SR) and (Next)
are applied alternatively until saturation, which is bound to occur because every
label is a subset of cl(n). Then the construction phase is over. The graph built
in that phase is called pretableau for the input formula 7 and denoted by P".

Ezxample 4. Continuation of Example 3 for 6: For Ay, the list of successor for-
mulae is L = {(I)O{1)pUq, {(2HO{2) (OpAT—q), som = 2,1 =0 and ra, = 2.
As there are no unavoidable successor formulae, we do not need to compute
N(o) and co(c). Then, I'g,0) = {(1)pUq} = I', T(0,1) = {{1)pUg, (2))(Op A
O=q)} = I, Ino) ={T} =13 and I(11) = {{2)(Op A O—q)} = I}

For A, the list of successor formulae is L = (1)O(1)pUq, (2)O(2)0—q, so
m = 2,1 =0and ra, = 2. Here again, we do not compute N(c) and co(c). Then
Loy = {()pUq} = I, Lo,y = {{1)pUq, (2)0-q} =I5, I(1,0)={T} =13
and I'1 1) = {{(2)0~q} = I5.

Applying rule (SR) to the so-obtained prestates, we have:
states(I1) = {4z : {(L)pUg, p, (OLL)pUq}, Aa: {(1)pUg, q, (1,2) O T}},
states([2) = As : {{1)pUq, (2))(OpAD=g), p, ~q, (L)O(L)pUg, (2)(2) (OpA
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O0-q)}, As - {{(1)pUq, (2))(OpAT=q), p, pA—q, ~q, (YOI pUq, (2)XO(2)0—q} };
states(I3) = {A7 : {T,(1,2) O T}}

states(Iy) = {Ag : {{(2)(OpATO=q), g, (2)OL2) (Op ATO=q)}, Ag = {{2)(OpA
D_'q)vp A -q, q, << >> << >>|:,_'q}}a

states(I5) = { A1 : {{1)pUq, (2)0O-q,p, ~q, (INO(1)pUg, (2)O(2)T~q}};
states(I5) = {A11 : {(2)0~q, g, (2) O(2)B—q}}

The pretableau for 6 is given in Figure 2.

Lo = (1) (pUq v Oq) A (2)(Op A O-q)

:0,01,02,p,7q, 10,01,02,p,p A =g, g,
)O(UPMII (2NO(2) (OpAO~q) <1>O< WpUq, (2) O(2)0~q
//1 1 N/ \\1\
- (U)pUt ;
)(QP/\ij(D ) (OpAE’ﬁQ) ’ 1)puq puq (2)0-q (2D~
/ \ “(/\ \% T
Ag As Ay

AIO

Ag/A1o

As
I I I3 ry

Fig. 2. The pretableau for 6

Example 5. Continuation of Example 8 for 9: For Ay, the list of successor for-
mulae is L = (1) O{(1)pUq, [2] O[2](Op AO-q),so m=1,1=1 and ra, = 2.
Therefore, N(0,0) = @, N(0,1) = {2}, N(1,0) = {1}, N(1,1) = {1,2} and
also co(0,0) = co(0,1) = 0 = co(0,1) = co(0,1) = 0. Then, Iy = I(91) =
{{(WpUq} = I, and Iy o) = L(11) = {[21(Op AO=q)} = In.

For As, the list of successor formulae is L = {(1)O{1)pUq, [2]O[2]C—g, so
m=1,1=1and ra, = 2. Here also N(0,0) =0, N(0,1) = {2}, N(1,0) = {1},
N(1,1) = {1,2}, and co(0,0) = co(0,1) = co(0,1) = co(0,1) = 0. Then,
o0y = o1y = {{)pUq} = I, and I{1,0) = I'(1,1) = {[2]0~q} = I5.

In the same way, we obtain:
states(I1) = {Aq : {{(1)ptda,p, (1)O(1)pUa}, Ar : {(1)pUa,q, (1,2)0T H:
states(I3) = {45 : {[2)(0p A O-0), ~, [2] O [21(0p A O-a)}, As : {[2](0p A
O=q), pA=gq, p, ~q, [2[0[2]0~q} }; states(I3) = {A7 : {[2]O~q, ~q, [2]O[2]O—q}}-

4.2 The prestate and state elimination phases. Eventualities

First, we remove from P all the prestates and the = edges, as follows. For
every prestate I" in P" put A -2+ A’ for all states A in P" with A =5 I" and all
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A’ € states(I); then, remove I" from P". The graph obtained after eliminating
all prestates is called the initial tableau, denoted by 7. The initial tableau for
the formula € in our running example is given on Figure 3.

Aq:0,01,02,p,q, Az :0,01,02,p,p A —q,q,
(UYO()pUg, (2NOL2) (OpAT-q) (HOL(pUg, (2)O(2)0~q

Fig. 3. The initial tableau for 0

The elimination phase starts with 7" and goes through stages. At stage n+1
we remove exactly one state from the tableau 7,7 obtained at the previous stage,
by applying one of the elimination rules described below, thus obtaining the
tableau 7,7, ;. The set of states of 7,7 is noted SJ,.

The first elimination rule (ER1), defined below, is used to eliminate all states
with missing successors for some move vectors determined by the rule (Next).
If, due to a previous state elimination, any state has an outgoing move vector
for which the corresponding successor state is missing, we delete the state. The
reason is clear: if A is to be satisfiable, then for each o € D(A) there should
exist a satisfiable A’ that A reaches via o. Formally, the rule is stated as follows,
where D(A) is defined in the rule (Next):

Rule (ER1): If, for some o € D(A), all states A’ with A 25 A’ have been
eliminated at earlier stages, then obtain 7.’ ; by eliminating A from 7,].

The aim of the next elimination rule is to make sure that there are no unre-
alized eventualities. In ATL there are only two kinds of eventualities : (A))o Uy
and [A]Og. The situation is more complex in ATL*. For instance, should the
formula ((A))(O¢ V11 Utbe) be considered an eventuality? Our solution for ATLT
is to consider all v-formulae as potential eventualities. In order to properly de-
fine the notion of realization of a potential eventuality we first define a function
Real associating to a vy-formula 1 and a set of ATLT-formulae (representing a
state of the current tableau) a Boolean value indicating whether the potential
eventuality represented by 1 has been ‘realized’ at that state:

— Real(® \NW,0) = Real(P,0) A Real(¥,O)
— Real(®V ¥,0) = Real(P,0) V Real(¥,0)
()
(

Real(p, ©) = true if ¢ € O, false otherwise
— Real Ogo, O) = false
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— Real(Op, ©) = true if ¢ € O, false otherwise
— Real(oU1),0) = true if v € O, false otherwise

Definition 2 (Descendant potential eventualities). Let £ € A be a poten-
tial eventuality of the form (AN® or [A]P. Suppose the ~y-component y(§, A) in
A linked to € is, respectively, of the form ¥ N (A) O (ANT or ¢ A [AJO[A]P.
Then the successor potential eventuality of & w.r.t. v(§, Q) is the y-formula
(AW (resp. [A]¥) and it will be denoted by .. The notion of descendant
potential eventuality of £ of degree d, for d > 1, is defined inductively as follows:

- any successor eventuality of & (w.r.t. some y-component of £) is a descen-
dant eventuality of & of degree 1;

- any successor eventuality of a descendant eventuality ™ of & of degree n is
a descendant eventuality of & of degree n + 1.

We will also consider & to be a descendant eventuality of itself of degree 0.

Ezample 6. (Continuation of Example 5) In Ay we have & = (1)) (pUqVOgq) with
Real(pUq Vv Ogq, Ay) = Real(pUq, A1) V Real(Oq, A1) = false V false = false,
since ¢ ¢ Ay, and £’ = (2))(OpAO—q) with Real(OpAO—q, A1) = Real(Op, A1) A
Real(d—q, A1) = true A true = true since p, ~q € Ay.

The successor eventuality of £ = (1))(pUg vV Og) wrt v(&,As) is £y, =
{(1)pUq in Ag, Ay, As, Ag. For each n > 1, the descendant eventuality of degree
nof & wrt (€, As) is EX = 5145 in Ag, Ay, As, Ag, A1g. The successor eventu-
ality of & = (2))(Op A O=q) wor.t v(€', As) is €4, = (2)(Op AT=g) in As, As,
Ag. For each n > 1, the descendant eventualities of degree n of ¢’ w.r.t v(¢/, As)
are §'A"5 = ggs in As, Ag, Ag and Ag; and f’Ans = {(2)0—q in Ajg and Aq;.

NOW7 let L = <<A0>> OSO()) R <<Am71>> O@m717 [[A6]] O'(/J07 LR ) IIA;—l]] Owlfl
be the list of all primitive successor formulae of A € S, induced as part of
application of (Next). We will use the following notation:

D(A, (Ay) O¢) :={c € D(A)| g, =p for every a € A,}
D(A,[A] O ) :={0 € D(A) | co(o) =g and A — A} C N(0)}

Next, we will define recursively what it means for an eventuality £ to be

realized at a state A of a tableau 7,7, followed by our second elimination rule.

Definition 3 (Realization of potential eventualities). Let A € S] and
& € A be a potential eventuality of the form (A)® or [A]®. Then:

1. If Real(®, A) = true then & is realized at A in T,7.

2. Else, let £&\ be the successor potential eventuality of & w.r.t. v(&, A). If for
every o € D(A, (A) OEL) (resp. o € D(A,[A]OEY)), there exists A’ € T
with A 5 A’ and €Y is realized at A’ in T,", then & is realized at A in T

Rule (ER2): If A € S7! contains a potential eventuality that is not realized
at A € 7.7, then obtain 7', | by removing A from SI.

Ezample 7. (Cont. of Example 6) The potential eventuality £ = (1))(pUq) is
not realized in As, so by Rule (ER2) we remove the state As from 7 and
obtain the tableau 7;. The same applies to Ag for £, so we also remove Ag
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from 7Y and obtain 77 with Rule (ER2). In 73 there is no more move vector
(0,1) for the state Ay, so by Rule (ER1) we remove A; from 77 and obtain
7Y In the same way, Ajq is removed by Rule (ER2) and A, by Rule (ER1).

As for the case of 1, it is easy to see that no states get eliminated, so the
final tableau is the same as the initial one.

The elimination phase is completed when no more applications of elimination
rules are possible. Then we obtain the final tableau for n, denoted by 7. It is
declared open if 1 belongs to some state in it, otherwise closed. The procedure
for deciding satisfiability of n returns “No” if 7" is closed, “Yes” otherwise.

Ezample 8. (Continuation of Example 7) At the end of the elimination phase,
Ay and A, are no longer in 7?. Thus 7 is closed and we deduce that the
formula 0 = (1) (pUqV Ogq) A {(2) (Op AO—q) is declared unsatisfiable. The final
tableaux for 6 is given on Figure 4.

Respectively, the final tableau for ¥ is open, hence ¥ is declared satisfiable.
Indeed, a CGM can be extracted from the final tableau.

A Ag 0,0 A A A A
oG 28 0,0 °° 4 0,0 00 07 UH
0,0 0,0

0,0

Fig. 4. The final tableau for 6

5 Termination, soundness, completeness and complexity

The termination of the tableaux procedure is straightforward, as there are only
finitely many states and prestates that can be added in the construction phase.

Theorem 1. The tableauxr method for ATLY is sound.

Soundness of the tableaux method means that if the input formula is satisfiable,
then the procedure will indeed produce an open tableau. The argument in a
nutshell is that if the input formula 7 is satisfiable, then, due to Proposition 1,
there is a satisfiable state A in states({n}). The key claim, proved by induction
on the number of steps in the elimination phase, is that the elimination rules
only remove states with unsatisfiable labels, so the A ‘survives’ the elimination
phase and remains in the final tableau. A detailed proof can be found in [2].

Theorem 2. The tableauz method for ATLY is complete.

Completeness of the procedure means that an open tableau implies existence of
a CGM model. This is proved by first introducing the notion of Hintikka game
structure, which is essentially a partially defined CGM, and showing that every
open tableau provides a Hintikka game structure containing the input formula
7 in the label of a state in it, which is equivalent of 77 being satisfiable. Again, a
detailed proof can be found in [2].
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Theorem 3. The tableaux procedure for ATLT runs in 2EXPTIME.

Proof. The argument generally follows the calculations computing the complex-
ity of the tableaux method for ATL in Section 4.7 of [7], with one essential differ-
ence: ||cl(n)|| for any ATL formula 7 is linear in its length |n|, whereas ||cl(n)|| for
an ATL™ formula 7 can be exponentially large in |n|, as shown after Lemma 2.
This exponential blowup, combined with the worst-case exponential in ||cl(n)]|
number of states in the tableaux, accounts for the 2EXPTIME worst-case com-
plexity of the tableaux method for ATL™, which is the expected optimal lower
bound. It is also an upper bound for the tableaux method, because no further
exponential blowups occur in the prestate- and state-elimination phases. a

There are various ways to restrict or parameterize the set of ATLT formulae
in order to avoid the exponential blowup of their closure sets. As suggested by
the example after Lemma 2, the main cause for that blowup of the number of
y-components of a y-formulae ¢ = (A))® or ¢ = [A]® in ATL" is the nesting of
conjunctions and disjunctions in the path formula @ which are not in the scope
of temporal operators. Let us call that number the superficial Boolean depth
of @ and denote it by dg(®). Then, let the nested Boolean depth of any ATL™T
formula ¥, denoted §(¥), be the maximal superficial Boolean depth dy(®) of a
path subformula @ of ¥. For instance, §({1)O(1) ((pVq)U—q)) =0, 5({1)(OpV
((gAp)U—q)) =1, 6({(1)(Og A (Op A (qU~q))) = 2. Now, if this number for a
formula 7 is bounded above, the size of the closure ||n|| becomes polynomially
bounded in |n| because the nesting of A and V when they are separated by
a temporal operator does not have multiplicative effect on the number of ~-
components. Consequently, the complexity of the tableaux method is reduced to
single exponential time, caused only by the maximal possible number of states
in the tableaux, just like in ATL. Thus, we have the following.

Proposition 2. The tableaux procedure for ATLT applied to a class of ATLT
formulae of bounded nested Boolean depth runs in EXPTIME.

6 Concluding remarks

Here we have developed sound, complete and terminating tableaux-based deci-
sion method for constructive satisfiability testing of ATL™ formulae and have
argued for its practical usability and implementability. The method is amenable
to further extension to the full ATL*, but this is left to future work.

Some comparison with the automata-based method for satisfiability testing
in ATL*, presented in [10] are in order. The two methods appear to be quite
different and, though eventually working in the same worst case complexity,
the double exponential blowups seem to occur in different ways, namely, in the
automata-based method, one exponential blowup occurs in converting the for-
mula into an automaton, while the other is in the time complexity of checking
non-emptiness of the resulting automaton. It would be instructive to compare the
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practical implications and efficiency of both methods and we leave such system-
atic comparison to the future, when (hopefully) both methods are implemented.
For now, we only mention that the formula 6 from our running example, the
tableau for which is worked out explicitly and in detail in this paper, is trans-
lated with the method from [10] into an automaton with 2! alphabet symbols
and over 100 states. Of course, this comparison cannot serve as an argument for
general practical superiority in efficiency of the tableaux-based method. Still,
the technical details of both methods, illustrated in that example, indicate that,
while the worst case exponential blowups are bound to occur in both methods,
they seem to be more controllable and avoidable in the tableaux-based method,
at the expense of its lesser automaticity and higher degree of user control. Thus,
we would argue that both methods have generally incomparable pros and cons,
and consequently are of independent interest, both theoretically and practically.
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