Model Checking Dynamic Allocation and Deallocation*

DiNO DISTEFANO, AREND RENSINK, JOOST-PIETER KATOEN
Department of Computer Science, University of Twente
P.O. Box 217, 7500 AE Enschede, The Netherlands
E-mail: {ddino, rensink, katoen}@cs.utwente.nl
Fax: +31-53-4893247

Abstract

This paper proposes Allocational Temporal Logic (ATL) as a formalism to express prop-
erties concerning the dynamic allocation (birth) and de-allocation (death) of entities, such
as the objects in an object-based system. The logic is interpreted on History-Dependent
Automata, extended with a symbolic representation for certain cases of unbounded alloca-
tion. The paper also presents a simple imperative language with primitive statements for
(de)allocation, with an operational semantics, to demonstrate the kind of behaviour that
can be modelled. The main contribution of the paper is a tableau-based model checking
algorithm for ATL, along the lines of Lichtenstein and Pnueli’s algorithm for LTL.
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1 Introduction

One of the aspects of computation that state-of-the-art model checking does not deal with
very well is that of dynamic allocation and deallocation (birth and death) of entities. This is
especially true if the number of entities is not known beforehand, or even unbounded. Never-
theless, allocation and deallocation are fundamental concepts in many fields of computer sci-
ence. For example, in object-orientation, systems are composed by dynamic objects (entities)
that can be created (allocated) in an arbitrary number during the computation. Moreover
objects can be destroyed (deallocated) e.g., by a garbage collector. Similarly, instances of



method calls (used by objects for interaction) are entities that are allocated (created) at the
moment of the invocation and that are deallocated (destroyed) when the body of the method
is completed. Another significant area where a concept like freshness is certainly relevant is
security. In this field, properties of systems related with fresh secure resources as keys are
mostly investigated. Apart from these two specific disciplines, it is not difficult to observe
that almost every computer system is dealing at run time with activities like allocation and
deallocation of resources (memory, channels, processes, etc.).

Though there are now calculi (such as the m-calculus [19]) that can express the generation
of fresh names, as well as models (such as history-dependent automata [20]) that can describe
both the birth and the death of entities, what has been missing so far is a logic where these
concepts are captured as primitives; a logic that should be as fundamental to reasoning about
dynamic allocation as standard propositional logic is to reasoning about a fixed state space.
A formalism that, in a natural way, would allow the specification of properties like

e a fresh entity will always eventually be allocated or
e before a particular entity is deallocated, two new entities will be allocated.

Returning to the example of object-oriented systems, we would like to express properties
like every object in the current state will be eventually deallocated or the number of running
objects will never be less than two. For security: an authentication server never provides
already used secret session keys. In fact, in protocols involving shared-key cryptography,
session keys must be fresh for every communication session between principals (agents). In
general, authentication servers are trusted to generate new keys in a proper manner, however,
it is easy to imagine a possible naive or, even faulty, implementation of such servers.

An attempt to formulate such a logic is presented in this paper. Called allocational
temporal logic (ATL), it has the following features:

e Entity variables z,y, interpreted by a mapping to the entities existing (i.e., alive) in a
given state. The interpretation is partial: a variable not mapped onto an existing entity
stands for an entity that has died.

e Entity equations x = y (where z,y are entity variables), asserting that « and y refer to
the same entity. This cannot hold if either x or y has died; hence the entity equations
express a partial equivalence of entity variables (symmetric and transitive, but not
reflexive).

e Entity quantification Vz.¢, which holds in a given state if ¢ holds always, regardless of
the interpretation of x, provided that x is alive.

e A predicate x new to express that the entity referred to by x is fresh, i.e., newly born.

In addition, ATL has the standard LTL temporal operators (although a branching-time ver-
sion with CTL temporal operators can be defined in a rather similar way).

The logic is interpreted over so-called high-level allocational Biichi automata (HABA),
which extend history-dependent automata [20] with a predicate for the unboundedness of (the
number of entities in) a state, and with a (generalized) Biichi acceptance condition. As
for history-dependent automata, a crucial point is that entity identity is local to a state.
Correspondence between the identity of the same entity in two different states is ensured by
a mechanism of re-mapping.



We use HABAs to model the behaviour of systems. As an example, we define a small
language whose main features are the allocation and deallocation of entities. Although the
number of entities allocated by a program in this language can be unbounded, the operational
semantics yields a finite HABA. This is a significant condition for the application of model
checking.

Together with the logic ATL, the main contribution of this paper is that the model-
checking problem for ATL is shown to be decidable on HABA. In particular, we present a
tableau-based model-checking algorithm that decides whether a given ATL-formula holds for
a given HABA. Our algorithm extends the tableau-based algorithm for LTL [17]. To the
best of our knowledge, this yields the first approach to effectively model-check models with
an unbounded number of entities. This is of particular interest to e.g. the verification of
object-oriented systems in which the number of objects is typically not known in advance and
may be even unbounded. Hopefully, in this context, the algorithm can be adapted to more
domain specific temporal logics like BOTL [9].

Organisation of the paper. This paper introduces the logic (Section 2) and its automata
(Section 3), as well as a simple imperative language, featuring statements for the allocation
and deallocation of entities, with an operational semantics in terms of HABA (Section 4).
The latter provides an intuition about the setup and the sort of behaviour that HABA can
model. Apart from the presentation of the logic ATL, the main contribution of the paper is
the proof of its model checking property (Section 5). A discussion about related work follows
(Section 6), while future work and conclusion completes the paper (Section 7). Proofs are in
the appendix.

2 Allocational temporal logic

2.1 Syntax

In the following we assume the existence of
e a countable universe of logical variables LVar, ranged over by z, v, z;
e a countable universe of entities Ent, ranged over by e, e/, eq,....

Allocational Temporal Logic (ATL) is an extension of propositional LTL [22] that allows
existential quantification over logical variables that can denote entities, or may be undefined.
For x € LVar, the syntax of ATL is defined by the following grammar:

pu=xnew |z =z | Jz.p || VS| Xp|dpUo

The operators have the following intuitive meaning. Formula x new holds if the entity denoted
by x is fresh in the current state, i.e., the entity denoted by x did not exist in the previous
state. Formula x = y holds if variables x and y denote the same entity in the current state;
x = x is violated if x is undefined, i.e., if z does not denote any current entity. Jx.¢ is valid
in the current state if there exists an entity for which ¢ holds if assigned to z. Negation and
disjunction are the standard operators of classical propositional logic, while X (next) and U
(until) are the standard LTL operators.



Notation In the following we will use some useful abbreviations:

er#£y for
e rdead for
o Vr.¢ for
o ff for
o =1 for
o Fo for
Example 2.1.

—(z=vy) e ralive for
T F#x e rold for
—dz.—¢ o tt for
—tt e pANY  for
-V e o1y for
ttUo e Go for

in ATL. For example:

e New entities are always available:

G(Jz.x new)

The number of entities that are alive never exceeds 2:

r =2

x alive A = (z new)
Va.(z alive)

=(~¢ Vv )

(@ =) A (Y= 0)
~F—¢

Properties concerning dynamic allocation and deallocation can be formalised

GVzVyVz.(r=yVa=zVy=z)

The number of alive entities will never be less than 2:

G(3z.3y.(z # y))

A fresh entity will always eventually be allocated:

GF(3z.2 new)

The number of entities that are continuously alive grows unboundedly:

G((F3z.x new) A Va.X(z alive))

Before x is deallocated, two new entities will be allocated:

x alive U Jy.(y new A (x aliveU 3z.(z new Ay # z A x alive)))

Every entity in the current state will be eventually deallocated:

Vx.F(x dead)

A deallocated entity cannot be reallocated (this will turn out to be a tautology):

x dead = X(x dead)

An entity that is identified now is no longer new in the next state (also a tautology):

X(z dead V z old).



2.2 Semantics

ATL formulae are essentially interpreted over infinite sequences of sets of entities.

Definition 2.2. An allocational sequence o is an infinite sequence of sets of entities EgE1FEy - - -
where E; C Ent, for i € N.

Let 0! = E;E;1---. For given o, E¢ denotes the set of entities in the i-th state of o.
The semantics of ATL-formulae is defined by satisfaction relation o, N, |= ¢ where o is an
allocational sequence, N C Ef is the set of entities that is initially new, and 6 : LVar — Ent
is a partial valuation of the free variables in ¢. Let N denote the set of new entities in state

1, defined by,

7

N ifi=0
E?\E? | otherwise.

Similarly, let 67 : LVar — Ent denote the valuation at state i, i.e., the valuation that is
undefined for the variables that § maps outside EY, and coincides with 6 otherwise. Formally,

0 (2) = { 0(x) if Vk <i:0(x) € B

" | undefined otherwise.

The previous definition imposes that if x denotes e € E; then e must have been continuously
alive (non-resurrection condition). The condition avoids that contradictions like 3z.X(z dead A
Xz alive) are fulfilled. Note that once a logical variable is mapped to an entity, then this
association remains along ¢ unless the entity dies, i.e., is deallocated.

Proposition 2.3. 07 | =07 | E;11.
The satisfaction relation = is defined as follows:

o,N,0 =xznew iff z € dom(f) and §(z) € N

o, N0 Exz=y iff z,y€ dom(f) and 0(z) = 6(y)

o,N,0 =3z.¢ iff Jeec EJ:0,N,0{e/z} = ¢

o N,OE-¢ iff o,N,0F¢

o,N,0 =¢ Vv iff either o, N, = ¢ or o,N,0 =9

o, N,0 = X¢ iff ol, N7, 07 = ¢

o,N,0 = ¢Uy iff Fi: (0", N7,07 =4 and Vj <i:07,N7,07 = ¢).

Here, 0{e/x} is defined as usual, i.e., 0{e/x}(x) = e and O{e/x}(y) = O0(y) for y # x.

Proposition 2.4. The following formulae are tautologies:

er=y=>y=c s (zr=yANy=2z2)=>z=2
e x new = z alive e (x =y Axnew) = ynew
o r =y = X(zdead Vz =y) eX(zr=y)=>x=y

e Vz.x alive e G(z dead = X(z dead))

e X(z dead V z old).

2.3 Folded allocational sequences

In order to come to a finite representation of allocational sequences there are several diffi-
culties to overcome: the sequences are infinite themselves, and in general they range over an



infinite set of entities (i.e., |U;cn Bil = w). The former problem can be solved as usual, by
generating allocational sequences as runs of a Biichi automaton; the latter problem requires a
change in representation of the allocational sequences. This change is based on the following
observations:

e ATL-formulae cannot address entities directly, but only through logical variables. The
choice of representation for the entities is therefore irrelevant from the point of view of
the ATL semantics.

e ATL-formulae allow the direct comparison of entities only within a state. The interpre-
tation will not change if we allow to reallocate entities from a state to the next state,
as long as this is done injectively so that distinct entities remain distinguished.

These considerations bring us to the following definition.
Definition 2.5. For E, E' C Ent,
e a reallocation )\ from F to E’ is a partial injective function \ : £ — E’.

o A folded allocational sequence is an infinite alternating sequence FgA\gFE1Aq -+, where
A; is a reallocation from E; to E;11 for i > 0.

Thus, entity e is considered to be deallocated if e ¢ dom(\). We write A7 for the reallo-
cation function of ¢ in state 7. Note that for folded allocational sequence o with associated
initial set N and valuation 6,

o N ifi=0
© 7| Ef\cod(\?_,) otherwise.

Similarly,
9o — { 0 ifi=0

T g g 3
A)_; 007, otherwise.

(Hence 6 = X7 0---0Af o6 for all i € N.) Using these adapted definitions of N and 6,
the same definition of satisfaction relation = holds for folded allocational sequences. In the
following we indicate by =, and [=¢ the semantics of ATL in the unfolded! case and in the
folded case, respectively.

2.4 Relating unfolded and folded allocational sequences

For allocational sequence o0 = EgE1Fs - -, let id(o) be a folded allocational sequence defined
by EgidoE7idi Eidy - -+ where id; = id | (E; N E;41). We have the following straightforward
fact:

Proposition 2.6. For any ATL-formula ¢ we have o, N,0 |=, ¢ iff id(c), N,0 = ¢.

n the following we will sometimes use unfolded allocational sequences in order to stress the difference
w.r.t folded allocational sequences. When the context is clear and no ambiguities can arise, we will skip the
adjectives folded or unfolded.



Neither folded nor unfolded allocational sequences are fully abstract with respect to the
validity of ATL-formulas, as several of such sequences may satisfy the same formulae. We
therefore consider folded allocational sequences modulo isomorphism. Folded allocational
sequences o1 and oy are isomorphic (01 2 09) if there exists an indexed family of bijections
(hi)ien with h; : E7* — E7? such that AJ? o h; = hij11 o A7' (i.e., the h;’s are consistent
with the reallocations). Let (o1, N1,61) = (02, Na,0s) if dom(61) = dom(6s), 01 = 09, and
N2 = ho(Nl) and 92 = ho ©) 01.

Proposition 2.7. For ATL-formula ¢ and folded allocational sequences o, c’:
(0,N,0) = (o/,N',0) = (U,N,9 Eroiff o', N',0" = ¢) :
Proof. By a straightforward induction on the structure of ¢. O

Unfolded and folded allocational sequences are related by T/, Let (o, Ny,6,) T/
(07, Ny, 0p) iff (id(0w), Nu, 0u) = (07, Ny, 0f).

Proposition 2.8. For ATL-formula ¢, folded allocational sequence oy and allocational se-
quence oy:

(O'uaNzuau) EfOld (UfaNfaHf) = (O'UaNmeu ):u ¢ iff UfaNfaHf ):f ¢) .

Proof. By definition (o, Ny,0,) T/ (o4, Ny, 0p) iff (id(0y), Ny,0y) = (0p, Ny, 0f). By
Proposition 2.7, id(oy,), Nu, 0y =f ¢ iff 04, Nf,0f =5 ¢. From Proposition 2.6, it now follows
that oy, Ny, 0y )ZU(JSiffO'f,Nf,ef ):f o. ]

The following results show that allocational sequences and folded ones can both be used
as models of ATL-formulae:

Proposition 2.9. For an arbitrary folded allocational sequence o ; and unfolded allocational
sequence oy,:

1. For every (oy, Ny, 0,) there exists a (o¢, N¢,8) such that (o, Ny, 0,) Cfold (of,N¢,0f)
2. For every (of, Ny, 0¢) there exists a (0, Ny, 0,) such that (o, Ny, 0,,) Cfold (o, Ny, 0p).
Proof. See Appendix A. O

Example 2.10. Let ¢ = G(Jz.x new) and E; = {e1}, E12 = {e1,e2}, Eaz = {ea,e3}. If
the initial set of new entities N = FE, the unfolded allocational sequence o = E;(E12FE23)%
satisfies ¢ for any 6, whereas o/ = E1EY, does not, since after the second state, entities in
F19 are continuously old. Let A\; : By — FE19 and A9 : F19 — Fj9 be two reallocations such
that A\j(e1) = ea, A2(e1) = ey and Ag(e2) is undefined. The folded allocational sequence
a} = E1M\1(E12)2)% has the same sets of entities as ¢’. Nevertheless, o/, satisfies ¢. In fact,
by the reallocation A, the entity e; is new (e; ¢ cod(A1) and e; ¢ cod(A2)) in every state.
Moreover, in O'} the entity es dies at every step while in o/ ey is continuously alive. Thus, the
formula 3z.(XXz dead) is satisfied by o’ but not by o’



3 Allocational Buchi automata

In this section, we introduce two extensions of (generalised) Biichi automata [3]. Allocational
Biichi automata (ABA) generate allocational sequences whereas high-level allocational Biichi
automata (HABA) generate folded allocational sequences. Typically ABA are infinite state,
whereas for the cases that we are interested in, the corresponding HABA is finite state. The
HABA model is inspired by history-dependent (HD) automata [20]. The precise relationship
between ABA and HABA is investigated below.

3.1 ABA

ABA are basically generalised Biichi automata where to each state a set of entities is associ-
ated. These entities, in turn, serve as valuation of logical (entity) variables.

Definition 3.1. An Allocational Biichi Automaton (ABA) A is a tuple (X,Q,E,—,I,F),
with

e X C LVar a finite set of logical variables;

e () a (possibly infinite) set of states;

e F:Q — 2F™ 3 function yielding for each state ¢ a finite set E, of entities;
e — C () X Q a transition relation;

o I:Q —2F" x (X — Ent) a partial function yielding for every initial state ¢ € dom([)
an initial valuation (N,0), where N C E, is a finite set of entities, and 6 : X — E, is a
partial valuation of the variables in X;

o F C 29 a set of sets of accept states.

Notational conventions: we write (¢, N,8) € I for I(q) = (N,0) and ¢— ¢ for (¢,¢') € —.
We adopt the generalised Biichi acceptance condition, i.e, p = qoqig2--- is a run of ABA
A if ¢ — qiy1 for all i € N and |{i|g; € F}| = w for all FF € F. Let runs(A) denote the
set of runs of A. Run p = qpqiqe--- is said to accept the (unfolded) allocational sequence
o=FEEqEy,---. Let

L(A) ={(c,N,0)|3p = qoq1g2 - - - € runs(A) : p accepts o and I(q9) = (N, 6)}.

Example 3.2. Fig. 1 depicts an infinite-state ABA A for X = & with initial state ¢ for
which I(¢1) = ({e1},9). In initial states, filled circles denote new entities. ¢2,q3,... are
accept states (double circles). For simplicity, we assume |F| = 1. A accepts allocational
sequences that start with a single (new) entity and then move to a state where an arbitrary
number of new entities is created. From that point on, at every step a single new entity is
added, therefore the formula G(3z.z new) is satisfied by every triple (o, N,0) € L(.A). Note
that entities are never deallocated, thus the formula F(3z.(Fx dead)) is not satisfied by any
of these triples in £(A).



Figure 1: An example ABA

3.2 HABA

Let oo ¢ Ent be a special, distinguished entity, called black hole. Its role will become clear
later on. We denote E* = E U {oo} for arbitrary £ C Ent.

Definition 3.3. For E, E; C Ent, an co-reallocation is a partial function A : £ — EP° such
that

e \Ne)=A)#£oo=e=¢ forallee € F and
e 00 € dom(\) = A(o0) = 0.
That is, A is injective when mapping away from oo and preserves oo.

Definition 3.4. A High-level ABA (HABA) H is a tuple (X,Q, FE,—,I,F) with X, Q, I, F
as in Def. 3.1, and

o £ :(Q — 2F" x B, a function that associates to each state ¢ € Q a finite set E, of
entities and a predicate B, expressing that there is an unbounded number of entities in
q not explicitly modelled by E;

e — CQx (Ent>™ — Ent™) x Q, such that for ¢—, ¢', A is an co-reallocation from Eg°
to E7 with

(i) oo € dom(N) iff E, = (E,ff) and Ey = (E',ff), and
(ii) 0o € cod(N) = Ey = (E',ff).

A HABA is a symbolic representation of a (possibly infinite) ABA. Predicate B, holds in
state ¢ if and only if the number of entities in ¢ is bounded. An unbounded state ¢ (denoted
lq|), possesses the distinguished entity oo that represents all entities that may be added to
q (imploded entities). High-level state ¢ thus represents all possible concrete states obtained
from ¢ by adding a finite number of entities to E,. If a transition to state ¢’ maps (implodes)
entities into the black hole co, these entities cannot be distinguished anymore from there on.
Moreover, if ¢— , ¢/, entities in the black hole are either preserved (if [¢'|), or are destroyed
(if [¢']). The black hole thus allows to abstract from the identity of entities when these are
not relevant anymore. Note that oo ¢ Ent implies co ¢ cod(6) for all (¢, N,0) € I.

10



Figure 2: An example HABA

Example 3.5. Figure 2 depicts a HABA with X = {z,y}. Squares denote bounded states,
(large) circles denote unbounded states, small circles denote entities, and accept states have
a double boundary. Dashed arrows indicate oo-reallocations. In initial states, dotted lines
represent 0 (for a complete summary of the visual notation for HABAs, see Figure 3). In ¢y,
variable x denotes (old) entity e, while y is undefined. Entity e3 in state go represents the
same entity as ej in ¢, while e; (in ¢2) represents a new entity.

Run g1 A12(gaM22)“ generates sequences where the initial entity dies after the second state,
while the new entity created in the second state will be alive forever. Run ¢qjA13(g3A33)%
generates sequences where the initial entity will be alive forever, and in each state a new
entity is created. This new entity will die in the next state. Finally, run qjA14(qaA44)® (the
reallocation \q4 is not depicted since it is empty) generates sequences where the entity in the
initial state dies immediately. Once q4 is reached, a new entity e3 is created at every step,
and in this run thus the number of entities grows unboundedly.

Bounded state O  Entity

® Initial new entity

Q Unbounded state
”””””” = oo-reallocation

= Initial valuation
/| /@ Bounded/Unbounded initial state

D @ Bounded/Unbounded accept state

Figure 3: Visual notation for HABAs

In the above example, we remarked that the runs of a HABA generate folded allocational
sequences. We make this concept precise with the following:

Definition 3.6. A run p = goAoq1 A1+ of HABA H = (X,Q,E,—,I,F) generates an
allocation triple (o, N,#), where o = EgAJE1A] - - - is a folded allocational sequence, if there
is a generator, i.e., a family of functions ¢; : E; — E? satisfying for all 7 > 0:

11



1. Ve,¢' € Ey. (¢i(e) = i(€!) # 00 = e = ¢)
2. B, C cod(s;)

3. [ai] = oo & cod(¢)

4 Nodi = i1 0N

5. Ve € Eiy1. (¢ir1(e) = 0o = e € cod(N7))

6. I(qo) = (¢o(IN), po o 0)

Gen(p1
(1) P1 = q1A12G2A22q2A22 - - -
€1 —— e
g1 : :
es er e ez
€4 4“%—’61
o9 Lo
eq €1 €1 €1
0——0 .
7 o O—+—=0 o
Gen(p2) P2 = q1A13G3A33q3A33 * - -
€4 €4 €1 €eq €5
73 ez e4 es e4
eyq €9 €4 €4 €1
o4
es e1 es e4
o o 0 +—»0 o
& | i
O @] i O O

Figure 4: Example folded allocational sequences generated by runs p; and ps of the HABA
of Fig. 2.

Condition 1 expresses that ¢; is injective except for entities imploded (mapped) onto oo.
Condition 2 says that every entity in state ¢; represents an entity of the state F; of the
allocational sequence. Condition 3 ensures that a bounded state does not generate states of
the allocational sequence with entities corresponding to imploded ones. Condition 4 ensures
that \{ is consistent to A; in the reallocation of corresponding entities. Condition 5 ensures
that the number of new entities in the allocational sequence is the same as the number of
new entities in the state of the model. The last condition relates the initial valuation of the
allocation triple (o, N, 0) to the initial valuation of HABA H.

Runs of a HABA are defined in the same way as for ABA. Let runs(H) denote the set of
runs of H and L(H) = {(o, N,0) | 3p € runs(H) : p generates (o, N,0)}.

12



Gen(ps) P3 = q1A14qaraaqarag - - -

o o -0 - o) o)
o o= o

.0 o=
o)

Figure 5: Folded allocational sequences generated by run ps of the HABA of Fig. 2.

Example 3.7. Figure 4 shows some sequences generated by the HABA in Figure 2. Dashed
boxes represent states of the sequences. In particular let p1 = g1 A\12goA20g2 22 - -+ and ps =
G1A13G3A33G3A33 - - - then 01,09 € Gen(p1) and 03,04 € Gen(p2). Again, note how the identity
of the entities is not relevant and in fact, in general, the set Gen(p;) contains all the sequences
isomorphic to o (and/or o3) and Gen(p2) contains all the sequences isomorphic to o3 (and/or
0'4).

We can abstract from the identity of the entities and represent sequences by anonymous
entities depicted just by a circle. This shows the “general pattern” followed by all isomorphic
sequences. For example in Figure 4, Gen(p;) follows the general pattern represented by &
while those in Gen(p2) follow the pattern of &.

Figure 5 depicts the pattern of the sequences in Gen(ps) where p3s = g1 A\ 14q4A44qaNgq - - - .
The number of entities grows at every step.

Finally, assume that ¢; would have been unbounded. Then, Gen(pi), Gen(p2) and
Gen(ps) would contain also those sequences with an arbitrary number of (additional) im-
ploded entities. This situation is represented in Figure 6 where, in order to stress the differ-
ence w.r.t. the bounded case, we have repeated & from Figure 4. The two sequences o1 and
o9 in the bottom (of Fig. 6) are obtained by adding to Eg two and three imploded entities
(here depicted as filled circles) respectively. In this example, imploded entities are preserved
by every transition because g2 is unbounded (recall condition A\(co) = oo in the definition of
oo-reallocation and condition on HABA transitions).

3.3 The duality between ABA and HABA

The relationship between ABAs and HABAs strongly depends on the relation between un-
folded and folded allocational sequences discussed in Section 2. More precisely, we will estab-
lish a connection between a HABA H and a class of particular ABAs, called the expansions
of H, whose elements accept £(H) up to isomorphism.

Definition 3.8. For HABA H and ABA A, let ¢ : Q 4 — Q3 be surjective, and (¢¢)qeq 4
be a family of functions ¢4 : Fy — Eizo(q)' Then:

o A-transition ¢1 — g2 expands H-transition ¢ — , ¢4 if ¢f = ¥(q1), ¢4 = ¢¥(g2) and

(i) Ao ¢Q1 = ¢q2 [ (Eth N Eq2) and
(ii) ’Eq’Q\COd(/\)‘ = ’EQ2\EQ1"
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Figure 6: Folded allocational sequences generated for by HABA of Fig. 2 if |q .

e A is an expansion of H if the following conditions are satisfied:

1. Ve €' € E;. (¢4(e) = ¢y(e') # 00 =e=¢);
2. Eyg) C cod(ey);

3. [(g)] = oo ¢ cod(dy);

4. for all ¢1 € Q 4,

a) for all ¢)(q1)—, ¢ there exists ¢ — g2 that expands ¢(q1) — ¢4
b) for all g1 — go there exists A such that g1 — g2 expands 1¥(q1) — ¥(q2);

' (gbq’l(N),qS;l 0f) if ¢ =¢(q) and In(q") = (N,0)
5 laiqr { undefined otherwise

6. Fa={{v(9)lg € F}F € Fy}.

The first three conditions are taken from Def. 3.6. Intuitively, these force the number
of entities in an expanded state to exceed the number of entities of the original state, and
require equality if the original state is bounded. Note that transition ¢; — ¢9 in the ABA
must preserve the reallocation of ¢] —, ¢4 (condition (i)) as well as the number of new entities
(condition (ii)).

Some notions for folded and unfolded allocational sequences are lifted to accepted lan-
guages in the following way. For HABAs H; and Ho, let L(H1) = L(Hz2) iff for all (o1, N1, 61) €
L(H1) there exists a (o2, Na,02) € L(Hz) such that (o1, N1,61) = (02, Na,603) and vice
versa. For ABA A accepting L£(A), let id(L(A)) = {(id(c),N,0)|(c,N,8) € L(A)}. Note
that id(L(A)) is the folded version of the unfolded language £(.A). For HABA H and ABA
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A let £(A) T/l £(H) iff for all (o4, Ny, 0u) € L(A) there exists (o7, Ny,0;) € L(H) such
that (oy, Ny, 0,) T/ (04, Ny, 05). Similarly, £(A) 3/°4 L(H) iff for all (of, Ny, 0f) € L(H)
there exists (oy, Ny, 0,) € L(A) such that (o4, Ny, 0,) £/ (o4, Ny, 0;). Then:

Lemma 3.9. For HABA H and any expansion Exp(H) of H:
(a) L(Exzp(H)) 379 L(H) and
(b) L(Ezp(H)) T/ L(H).
Proof. See Appendix B. O

Hence, L(Exzp(H)) corresponds precisely to the unfolded version of £(H). A consequence
of the previous lemma, as well as an alternative way to express it, is stated by:

Theorem 3.10. For any HABA H and expansion Exp(H) of H : L(H) = id(L(Exp(H))).
Proof. See Appendix B. O
Definition 3.11. Given a HABA H and an ATL-formula ¢ we say that

o ¢ is H-satisfiable if there exists (o, N,6) € L(H) such that o, N, 0 = ¢;

e ¢ is H-valid if for all (o, N,0) € L(H) : 0, N,0 = ¢.

For a ABA A an equivalent definition for A-satisfiability and A-validity can be given in
precisely the same way. From the previous definition if follows that ¢ is H-valid (A-valid) if
and only if —¢ is not H-satisfiable (A-satisfiable).

As stated in the following corollary, from Theorem 3.10 it follows that a HABA H and its
expansions satisfy the same set of ATL formulae.

Corollary 3.12. For any ATL-formula ¢, HABA H and expansion Fxp(H) of H: ¢ is H-
satisfiable if and only if ¢ is Exp(H)-satisfiable.

Figure 7 shows an example of a HABA and one of its (infinite number of) infinite expan-
sion.

q1 q2

(=D

)

O
Exp(H) Oe Oey N\ o Z?
/ O () O €3 o ez

Figure 7: A HABA and one of its expansions.
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4 Programming allocation and deallocation

This section introduces a simple programming language £ capturing the essence of allocation
and deallocation. It is used for providing an intuition about the setup and the sort of behaviour
that can be modelled by HABA. T'wo semantics for £ are defined, a concrete semantics with
ABA as underlying model, and a symbolic semantics using HABA. The relation between these
semantics is shown to correspond to expansion in the sense of Def. 3.8.

4.1 Syntax

For PVar a set of program variables with v,v; € PVar and PVar N LVar = @, the set of
statements of L is given by:

pe)l = decl vy, ...,vn: (51| - || sk)
(s €)Stat = new(v) | del(v) | v:= v |skip|s;s|if bthen s else s fi | while b do s od
(be)Bexp == wv=v|bVb|-b

A program p is thus a parallel composition of a finite number of statements preceded by the
declaration of a finite number of global variables.

Informal semantics of £ new(v) creates (i.e., allocates) a new entity that will be referred
to by the program variable v. The old value of v is lost. Thus, if v is the only variable that
refers to entity e, say, then after the execution of new(v), e cannot be referenced anymore. In
particular, e cannot be deallocated anymore. In other words, there is no automatic garbage
collection. del(v) destroys (i.e., deallocates) the entity associated to v, and makes v undefined.
The assignment v := w passes the reference held by w (if any) to v. Again, the entity v was
referring to might become unreferenced (for ever). Sequential composition, while loop, skip,
and conditional statement have the standard interpretation. For the sake of simplicity, new
and del create and destroy, respectively, a single entity only; generalisations in which several
entities are considered simultaneously can be added in a straightforward manner.

Example 4.1. The following program PC is an implementation of a producer/consumer
system.

PC = decl vi,va,w: (Prod || By || Con) where
Prod = while tt do
if (v1 dead) then new(v;) else skip fi
od
By = while tt do
if (v1 alive A vy dead) then w := v1;v1 := vg; vy := w else skip fi
od
Con = while tt do
if (ve alive) then del(vq) else skip fi
od

The component By implements a process handling a two-place buffer consisting of the variable
vy (first position) and vy (second position). Note that in the if-then-else-fi statement, using
vy := v1; del(v1) would be wrong as the entity referenced by v; and ve would be deallocated.
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Whereas, v1 := vy deletes only the reference to vy entity that can be then moved tovs via w.
The producer Prod produces a new entity when the first place of the buffer v; is empty (i.e. vq
is dead). Process Bj shifts the entity in the second position vy if this is empty. The variable
w is only used as a temporary variable in order to swap the value of v; and ve. Finally an
entity in the second position of the buffer is consumed by the consumer Con. Some examples
properties expressible in ATL that may possibly be satisfied by the program PC are:

e An entity in the buffer is not consumed before the insertion of another one (this implies
also that buffer is never empty): GVz.(x aliveU (3y.xz # y)).

e The buffer will be always eventually empty: GF(Vz.z dead).
e The buffer will be always eventually full: GF(Vz.Vy.Vz.(x =yVax=2Vy=2z)).
e A produced entity is always eventually consumed G(z alive = Fx dead).

e Entities are always consumed in the same order they are produced:

G(Vz.(x = 2 A XF(Jy.z # y = y alive U z dead)).

Example 4.2. The following program, where g(i) = (i4+1) mod 4, models the implementa-
tion of a naive solution to the dining philosopher problem:

DPhil = decl vi,v9,v3,v4 : (Phy || Phy || Phs || Phy) where
Ph; = while tt do
if (v; alive A vy, alive) then
del(v;); del(vg(;)); new(v;); new(vg;)
else
skip
fi
od

The variables v; and vy (;) represent the left and the right chopstick of philosopher Ph;, respec-
tively. If v; and v,(;) are defined, then the chopsticks are on the table. Taking the chopsticks
from the table is represented by destroying the corresponding entities, while putting the chop-
sticks back on the table is modelled by creating new entities. Some ATL properties that may
possibly be satisfied by this program, are:

e Eventually two philosophers will eat at the same time:

F(Vz.x dead).

e There is always eventually a moment in which every philosopher is thinking at the same
time:
GF(FzJy.TFzFw.(x AyANax#zANzcFwANYy# 2z Ny#wAz#w).

e There exists at least two philosophers that are never able to eat (an unfair computation):

GV VyVz.(z=yVae=2zVy=2).
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e Among the philosophers there exists a greedy impostor who always eats and never thinks
(again an unfair computation):

G(VzVyVz.(zold Ayold Azold A (z =yVa=2zVy=z))).

e Eventually there is only one chopstick on the table (an inconsistency):

F(VzVy.(z = vy)).

Although some interesting problems can be programmed, it is obvious that £ is rather
simple. Other constructs like wait or some syntactic sugar like until may be easily included,
without extending the language in an essential way.

4.2 Concrete semantics

A concrete semantics of our example language is given in terms of ABA. Let Par denote
the compound statements, i.e., (€ Par) :=s | r || s. The concrete semantics of p =

decl vy,...,vn : (s1 ]| -+ || sk) is the ABA A, = (&,Q,E,—,I,F) where

e QQ C Par x2E™ x (PVar — Ent), where for state ¢ = (r, E;,7,) € Q, r is the compound
statement to be executed, E is the set of entities alive and 7, maps program variables
to By (with dom(y,) = {v1,...,v,}; if 74 is undefined on v we write v4(v) = L);

b E(T7 E,?,y) = El;

e — C @ x Q is the smallest relation satisfying the rules in Table 1;

o dom(I) ={(s1 || -+ || sx,2,2)} and I(s1 || --- || sk, D, D) = (&, 9);
o F={{(sy ||--- | s}, E,v) € Q| s; =skipV s, =whilebdo sod;s"} |0 <i<k}.
A few remarks are in order. A, has a single initial state sq || - - - || sg. The set of accept states

for the i-th sequential component consists of all states is which the component has either
terminated (s; = skip) or is processing a loop (which could be infinite). The semantics of the
boolean expressions is given by the function V : Bexp x (PVar — Ent) — B defined by

V(v =w)y ff  otherwise
V(b1 Vba)(y) = V(b1)(7) VV(b2)(7)
V(=b)(7) = V(0)(7)

We assume w.l.o.g. that the set Ent is totally ordered; this is convenient for selecting a fresh
entity in a deterministic way (cf. the rule NEW-conc in Table 1). Some brief explanation of
the rules of the concrete semantics follows:

) = { tt if v,w € dom(y) and y(v) = y(w)

e (ASGN-conc) An assignment v := w is performed by changing the reference of the
variable v with v(w). After the execution, the assignment statement is replaced by skip
that is either consumed in the context of a sequential composition by rule (SEQ2-conc)
or is blocked. This general pattern in followed also by rules (NEW-conc) and (DEL-conc).
Note that there does not exists a specific rule for skip.
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Table 1: Operational rules for concrete semantics

(ASGN-conc)

vi=w, E,v— skip, E, y{y(w)/v}

(NEW-conc) e = min(Ent\E)

new(v), B,y — skip, E U {e}, v{e/v}

(DEL-conc) “Ly(v))

Gel(0). .7 = skip BN L) U €7

V() (v)
if bthen s else sy fi, E,v— s1, E, v

V(b))
if b then sy else s fi, E,v— s9, E, 7

(IF1-conc)

(IF3-conc)

(WHILE-conc) - e 40 s od. B9 F b then s:while b do s od else skip fi, .

! ! !
s1, B, y— s, By
. /.
Sl,SQ,E,’V—> Sl,SQ,El,’}//

(SEQ;-conc)

EQ»- -
(S Q2 ConC) Sklp; SQ,E,’)/—) SQ,E,")/
1<]<k A Sj7E57_)S}7EI7’yI

(PAR;-conc)
sull - lsg el ses Byy—sull - sG] sw, B,

(PAR2-conc)

skip || -+ || skip, E,y— skip || - - - || skip, E,~y
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(NEW-conc) The reference of the first (fresh) entity e available from Ent according to
the total order is assigned to v.

(DEL-conc) Entity «(v) is deallocated and every reference to this entity is cancelled.

(IF1-conc)/(IF2-conc)/(WHILE-conc) Straightforward.

(SEQ;-conc)/(SEQa-conc) In a sequential composition, when the first statement is re-
duced to a skip statement, it is consumed.

(PAR;-conc) If one of the components of the compound statement performs a step, the
whole compound statement can do so.

(PAR2-conc) A self-loop in an accept state with a terminated compound statement
ensures that, in a run, it is visited infinitely many times.

v1 U2 U1 v2 U1 v2 U1 v
v1 U2 U1 v2 U1 V2 v1 v
’- ”—.

V1 V2 v1 V2 V1 V2 v v
. . 1 2

Figure 8: Concrete semantics of decl vy, vy : (while tt do new(vq); vy := v1 od).

Example 4.3. Consider the following program:
p = decl v1,v9 : (while tt do new(vq); v := v1 od).
For the sake of abbreviation, we write
e while for “while tt do new(vy); vy := vy od”
e if for “if tt then new(v;); vy := v1;while else skip fi”

4

e new for “new(vy);vy := v1;while”
e :=for “vy := vy;while”.

The ABA in Figure 8 represents the concrete semantics A, of p. A, is infinite since in every
iteration a new entity is created.
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4.3 Symbolic semantics

The semantics defined in the previous section has the disadvantage that models may become
infinite due to an unbounded number of entity creations. In order to circumvent this problem
we define a symbolic semantics of £ in terms of HABA, that (later on) will be shown to
be equivalent. The main distinction with the concrete semantics is the treatment of the
association of program variables to entities. Here instead, entities are represented by a partial
partition of a subset of PVar, i.e., the set E of entities is of the form {X;,...,X,} with
X; € PVar and X; N X; = & (for i # j). Note that we do not require | J; X; = PVar which
would make it a full partitioning. Variable v is defined if and only if v € X; for some i.
Then, v refers to the entity represented by the set X;. Otherwise, v is undefined. Using
this approach, there is no need to represent (in a state) a mapping from the set of program
variables onto the entities. The symbolic semantics of p = decl vy,...,v, : (s1 || -+ || sg) is

the HABA ‘H, = (¢,Q, E,—,I,F) where

e () C Par x 22PVM, i.e., a state ¢ = (r, E') consists of a compound statement and a set of
entities; we have |¢| iff @ € E (i.e., we represent the black hole by @).

e E(r,E") = E"\{o};

e — is the smallest relation defined by the rules in Table 2 such that for r, E —, /', E" we
have @ € F = @ € dom(\).

and I and F are defined in the same way as for the concrete semantics. The condition on &
in the definition of — can be seen as a kind of “preservation law” of the black hole. In fact,
once a state implodes into an unbounded one, the black hole generated by this implosion will
last forever. Note that in Def. 3.4 this is not always the case. Whenever entity X; is not
referenced by any program variable, the state will become unbounded. Entity X; will then
be mapped by X onto @ (recall that in the special case of H, we represent co by @), which
can be viewed as a “black hole” collecting every non-referenced entity. These entities share
the property that they cannot be deallocated anymore, thus they will have exactly the same
future, namely they will be “floating” in the black hole ad infinitum.
Some explanations on the rules of the symbolic semantics are in order:

e (NEW-sym) If v is the only variable having a reference to an entity X; (i.e., X; = {v}),
the state becomes unbounded (if this is not already the case) and the black hole &
implodes X; since it cannot be referred to anymore. In this case, £/ = E U {&}, i.e.,
the sets F and E’ have the same entities. However, X; represents a new entity in the
target state since X; ¢ cod(\).

If v is either undefined or there exists another variable denoting v’s entity, a new entity
{v} is created. A maps every entity into itself.

e (ASGN-sym) If v is defined but is the only variable that has a reference to its entity,
the assignment causes the loss of the reference of the entity denoted by v. Therefore,
this entity is imploded onto @. If w is undefined also v becomes undefined. Regardless
whether the state is bounded or not, after the transition the state becomes unbounded
because & € FE'.

If there is another variable denoting v’s entity or v is undefined then v’s reference is
changed.
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Table 2: Operational rules for symbolic semantics

(ASGN-sym)

vi=w, E—, skip, {X;\{v}|lw ¢ X;} U{X; U{v}|lw e X;} X; U{v} otherwise

(NEW-sym) new (V). skip, (X [o}IX, € B} U (o]} A(Xi) = Xi\{v}
(DEL-sym) 1) E:Aiii(; Geen A X { fj gtﬂefv;ise
(IF1-sym) T D then s, e}:gbii? E—. s,E
(IF2-sym) if b then s; ;l/e(i)g(f,)E—»ld s2, B/
(WHILE-sym)

while b do s od, £ —_; if b then s;while b do s od else skip fi, £

Sl,E—>)\ Sll,El

EQ.-
(SEQy-sym) 51382, 0 — 87589, B/

(SEQQ_Sym) Skip; SQ’E_)id SQ,E

1<j<k A sj B, si, B
syl llsi e Msi By sall-o [l 5 [F-- [ sk, £

(PAR;-sym)

(PARg-sym)

skip || --- || skip, E'—; skip || -- - || skip, E
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e (DEL-sym) Straightforward.
(IF1-sym), (IF2-sym), (WHILE-sym), (SEQ;-sym), (SEQ2-sym), (PAR;-sym) and (PARg-sym) are

similar to the corresponding rules of the concrete semantics and are not explained further.

while if new
z z z

{vi} = {v1,v2}

{vi,v2} — {va} new idq if idqy while

{{v1}, {v2} {{v1,v2}} {{v1,v2} {{v1,v2}

{v1} = {v1,v2}
{va} — @

{v1} — {v1,v2}
{vo} = @ {v1,v2} = {v2}

o o
idy = A{vi,v2} — {v1,v2}
idg = ({v1,v2} = {v1,v2}, @ 2)

Figure 9: Symbolic semantics of decl vy, vy : (while tt do new(v1);ve := v od).

Example 4.4. Consider the program
p = decl vy, v9 : while tt do new(v;);ve := vy od

of Example 4.3 and the corresponding abbreviations:

e while for “while tt do new(vq); vy := v; od;skip”

e if for “if tt then new(vy);ve := vi;while else skip fi”

e new for “new(v1);ve := vy;while”

e :=for “vy := vy;while”.
Figure 9 depicts the symbolic semantics H,, of p. Note how by using black-hole abstraction
and reallocations, the automaton is finite state whereas A, is infinite.
4.4 Relating the concrete and symbolic semantics
The next theorem relates concrete and symbolic semantics.
Theorem 4.5. For any p € £L: A, is an expansion of H,,.

It thus follows that H,, and A, are equivalent. Due to Corollary 3.12 they accept the same
language up to isomorphism and therefore they satisfy the same ATL-formulae. Nevertheless,
the symbolic semantics has the important property ensured by the following result.
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Theorem 4.6. For any p € L: 'H, is finite state.

More precisely, for By, the number of partitions of a set of k elements, |$yq.| the size of the
longest sequential statement in p and m the number of sequential components in p, we have:

| PVar|

PVar
Q16| < [Smax™ - [14+2- > (' . ’)Bk
k=1

By, is known as the Bell number and has a non-trivial asymptotic behaviour [21], nevertheless,
O(2") < O(B,) < O(n!). Thus, Q is exponential in the number of sequential components m
in p. Whereas if m is constant then |Q4,| can be approximated by o(2!PVerl “B|pvgr|)- As the
symbolic semantics is deterministic, the number of transitions is of the order O(m - |Q4,]).

Although the result given in this section holds for a simple language, we believe that
it may be extended to more interesting programming languages. For instance, £ may be
enhanced, in order to model the precise mechanism of creation and destruction of objects in
an object-oriented programming languages. The interesting research question would then be
if it is still possible to obtain finite state HABA.

5 Model-checking ATL

In this section, we define an algorithm for model-checking ATL formulae against a HABA.
The algorithm extends the tableau method for LTL [17] to ATL.

We will evaluate ATL-formulae on states of a HABA by mapping the free variables of
the formula to entities of the state. It should be clear that, in principle, any such mapping
resolves all basic propositions: a freshness proposition x new holds if and only if x is mapped
to an entity that is new in the state, and an entity equation x = y holds if and only if x and
y are mapped to the same entity. In turn, the basic propositions determine the validity of
arbitrary formulae.

There are, however, two obstacles to this principle, the first of which is slight and the
other more difficult to overcome.

e [t is not always uniquely determined whether or not an entity is fresh in a state. Our
model allows states in which a given entity is considered fresh when arriving by one
incoming transition (since it is not in the codomain of the reallocation associated with
that transition), but not when arriving by another (since according to the reallocation,
the entity is the image of an entity in the previous state).

This obstacle is dealt with by duplicating the states where such an ambiguity exists. In
general, there will therefore be as many duplicates of a given state as it has incoming
transitions with distinct codomains.

e For variables (of the formula in question) that are mapped to the black hole, entity
equations are not resolved, since it is not clear whether the variables are mapped to
distinct entities that have imploded into the black hole, or to the same one.

To deal with this obstacle, we introduce an intermediate layer in the evaluation of the
formula on the state. This additional layer consists of a partial partitioning of the free
variables; that is, a set of nonempty, disjoint subsets of the set of all free variables. An
entity equation is then resolved by the question whether the equated variables are in
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the same partition. It is the partitions, rather than the individual variables, that are
mapped to the entities of the state.

5.1 Duplication

The first aforementioned problem is illustrated by the HABA H in Figure 10. Here, entity
e3 in state go is old if transition g1 —, , ¢2 is taken. On the contrary, e3 is new in go if we
consider the transition gz — ., g2 (where Ao = @). Furthermore, in the initial state g3 the
entity ey is new. However, it becomes old after the transition g4 — ). gs.

WM

Figure 10: Ambiguity of the “new” entities.

Definition 5.1. For a HABA H = (X,Q, E,—,I,F), the duplication of H is the HABA
Hs =(X,Q',E',—', I' F') where

o Q@' ={(q, Eg\cod(N)lg € QN ¢ = ¢} U{(a; N) | I(q) = (N,0)};
e E'(qg,M) = Ey;
e —/ is defined by the following rule:

q—y ¢
(q, M) =" (¢, Ey\cod(N))

(N,0) if I(q) = (N,0)

/.
o I':(¢,N) — { undefined otherwise

o 7'={{(¢; M) € Qg € F;}|F; € F}.

The set of variables X is unchanged. States are pairs (¢, M) where M C E, is the
subset of entities that are considered new in (g, M). Initial states are defined according to
initial valuations in I. In the definition of the transition relation, for every ¢ —, ¢’ in H, a
corresponding transition (¢, M) —, (¢’, M’) in Hs is defined, provided that M’ corresponds
precisely to the set that are new according to A, that is M’ = Ey\cod()). The set F’ contains
those states resulting by the duplication of original accept states.

Example 5.2. The duplication Hg of the HABA in Figure 10 is shown in Figure 11. The
original state ¢y is duplicated in (g2,@) (where eg is old) and (g2, {es}) (where es is new).
The initial state (g3, {e2}) is explicitly added in order to have ey new.

A HABA and its duplication are equivalent automata as stated by the following lemma.
Lemma 5.3. L(H) = L(Hs).
Proof. See Appendix D. O
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(q1,9)

(a3,{e2})

(92, {es})

(g3, 9)

Figure 11: The duplication Hs of the HABA in Fig. 10.

Assumptions. In the remainder, we assume that the necessary duplication has been carried
out already: that is, we will assume that a state ¢ € ) is a pair where the second component
is a set N, C E,; that contains the entities that are new in g; i.e., such that

e ¢'—, ¢ implies E,\cod(\) = Ny
e I(q) = (N,0) implies N = N,,.

Note that, we can henceforth assume that I has just € as its image — the component N is
now uniquely associated with gq.

Another assumption needed below is that every quantified variable actually appears free
in the subformula; that is, we only consider formulae 3x.¢ for which x € fv(¢). Note that
this imposes no real restriction, since 3x.¢ is equivalent to Jz.(x alive A ¢).

Before we can present the model checking construction, we have to introduce a number
of auxiliary notions.

5.2 Valuations

A valuation of a formula in a given state is an interpretation of the free variables of the
formula as entities of the state. Such an interpretation establishes the validity of at least the
atomic propositions within the formula, i.e., the sub-formulae of the form x = y (which holds
if x and y are interpreted as the same entity) and = new (which holds if x is interpreted as a
fresh entity). Because we also want to allow the black hole as an interpretation, though, it is
not enough to have a simple mapping from variables to entities: such a mapping still would
not reveal whether two entities mapped to the black hole are mapped to the same instance
imploded into the black hole. Therefore we first collect the variables into disjoint sets, the
elements of which are considered equal, and map these sets of variables to entities.

Definition 5.4 (Valuations). Let £ C Ent®™. An E-valuation is a triple (¢, =, ©) where ¢
is an ATL-formula and

e = is a partial partitioning of fv(¢); that is, 2 = {X4,..., X} such that & C X; C fu(¢)
for1<i<nand X;NX; =0 for 1 <i< j<n (but not necessarily |J, X; = fv(¢),
which would make it a full partitioning).

e O: = — F is a function mapping the partitions of = to E, such that © is injective where
it maps away from oo — i.e., ©(X;) = O(X;) # oo implies ¢ = j.
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This is easily lifted to the states of a HABA: (¢, =, ©) is a g-valuation (for some q € Q) if
it is an Eg-valuation (if [¢]) or Ej°-valuation (if [g]). We write V;(¢), ranged over by v, to
denote the set of g-valuations of ¢, and V; to denote the set of all g-valuations. We denote
the components of a valuation v as (¢, =, ©,).

From such a partition interpretation © we can easily construct a “proper” (partial) inter-
pretation ©: fu(¢) — Ent™ by flattening ©:

O: 72— 0(X) ifre X €dom(O).

A technicality: below we will need to restrict partial partitioning = and mappings © of a
valuation (¢, Z, ©) to subformulae of ¢, which means restricting the underlying sets of (free)
variables upon which = and © are built to those of that subformula. For this purpose, we
define

Ely = {Xnf@) | X eE XNfu()) # o}
Oy = {(XNnfo(y),0(X)) | X € dom(0), X N fu(y) # 2} .
The atomic proposition valuations of a state ¢ of a HABA are those g-valuations of basic

propositions of ATL (i.e., freshness predicates and entity equations) that make the corre-
sponding properties true.

Definition 5.5. Let H be a HABA and let ¢ € Q4 be arbitrary. The atomic proposition
valuations of ¢ are defined by the set AV, C V, of all triples (¢,Z,©) for which one of the
following holds:

* ¢ =tt;

e o =(x=y),and z,y € X for some X € =;

e ¢ = (znew), and z € X for some X € = such that O(X) € N,.

Closure. Along the lines of [17], we associate to each state g of a HABA a set of ¢g-valuations,
specifically aimed at establishing the validity of a given formula ¢. For this purpose, we first
collect all ATL-formulae whose validity is possibly relevant to the validity of ¢ into the so-
called closure of ¢. This includes especially all subformulae of ¢, but also =) if ¢ is in the
closure, X—) if X¢) is in the closure, and X(¢); U)g) if 1)1 U)g is in the closure. Formally:

Definition 5.6. Let ¢ be an ATL-formula. The closure of ¢, CL(¢), is the smallest set of
formulae (identifying —— with 1) such that:

o o, tt, ff € CL(¢);

e € CL(9) iff ¥ € CL(9);

o if i1 V9o € CL(¢) then 91,12 € CL(¢);

e if Jx.¢p € CL(¢) then ¢ € CL(¢);

o if X¢p € CL(¢) then ¢ € CL(¢);

o if =Xt € CL(¢) then X—p € CL(¢);

o if 1y Uthy € CL(¢) then 11,19, X(11 Uthe) € CL(9).
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Example 5.7. The closure of the formula ¢; = Jz.(z new A x # y) is:

CL(¢1) = {ttvﬂ:a ¢15 _'le’ ('CL' new A x # y)a _|(.CL' new A x 7£ y),x new, _'($ new),x ?é Y, r = y}

Similarly, the closure of ¢o = Xdx.x # y is

CL(¢2) = {tt,ff, pa, =po, X=(Iz.x # y), " X~(Fz.x £ y), .2z # y,~(Ir.x £ y),x # y, v = y}.

Since valuations map (sets of) variables of a given formula to entities, possibly to the
black hole, it is important to know how many of these variables have to be taken into account
at the most. This is obviously bounded by the number of variables occurring (free or bound)
in ¢, but in fact we can be a little more precise: the number is given by K (¢) defined as

K(¢) = max{|fo(¢)| | ¢ € CL(¢)} .

The interesting case for the model checking construction is when one or more variables are
indeed mapped to the black hole. Among other things, we will then have to make sure that
sufficiently many entities of the state have imploded into the black hole to meet the demands
of the valuation. For this purpose, we introduce the black number of a function, which is the
number of entities that that function maps (implodes) into the black hole. For an arbitrary
set A and (partial) mapping a: A — Ent® this is defined by

Q) = {a € A ] afa) = 0} -

5.3 Tableau graph

We now construct a graph that will be the basis of the model checking algorithm. The nodes
of this graph, called atoms after [17], are built from states of a HABA, valuations of formulae
from the closure, and a bound on the black number.

Definition 5.8. Given a HABA H and an ATL-formula ¢, an atom is a triple (¢, D, k) where
7€ Qwn, D C{veVy()|ve CL(9),Q2(O) <k} and k < K(9) if [¢] or k= 0if [q], such
that for all v = (¢, =,0) € V, with ¢ € CL(¢) and Q(©) < k:

o if ve AV, then v € D;

e if p =)/, then v € D iff (¢/,=,0) ¢ D;

o if ) =11 V by, then v € D iff (¢, [¢;,0 [;) € D for i =1 or i = 2;

e if y = Jz.)/, then v € D iff there exists a (¢p/,=/,0") € D such that £ = Z’ | ¢,
©=0"[¢Yand x e JZ;

o if ¢y = =Xy, then v € D iff (X', E,0) € D;

o ifyp =11 U, thenv € D iff either (wQ,Efwg,@fwz) € D, or both (wl,Efwl,@fwl) eD
and (X¢,Z2,0) € D.

The set of all atoms for a given formula ¢ constructed on top of H is denoted A (o),
ranged over by A, B. We denote the components of an atom A by (g4, Da,ka).
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X

q0

Figure 12: HABA H; (left) and H» (right).

Example 5.9. Consider the HABA H; depicted in the left part of Figure 12 where e; and
eg are new in ¢p and X = {y}. Although we will give an example for an until formula at the
end of this section, for the moment recall the formula ¢; = Jx.(z new Az # y) and its closure

from Example 5.7.

one atom which is of the form (gg, Do, 0).
atomic proposition valuation (v, =,

We compute the set of atoms Az, (¢1). Since [qo], for go there is only
According to Def. 5.5 for the component Dg the
©) € AV, such that ¢ € CL(¢1) are the following:

v = (tt, 9, &)

(z new, {{z}}, {z} — e1)
= (z new, {{z}},{z} — e2)

U1

V3 = (.%' =Y {{l‘,y}}, {x7y} = 61)
Vg4 = (:E =Y, {{x,y}}, {.’E,y} = 62)'

Thus, by the first clause of Def. 5.8 we have vg, v1, v2,v3,v4 € Dg. By the clause for negation

of Def. 5.8 we have:

Furthermore,

vg, V1 € Dy
v7,v2 € Dy
V19, V1 € Dy
v11, V2 € Dy

vs = (z #£y,9,9) € Dy

ve = (v #y, {{z}}, {z} — e1) € Do

vr = (z #y, {{z}}, {z} — e2) € Dy

vs = (z #y, {{y}}. {y} — e1) € Do

vg = (z 7& v, H{y}} {y} — e2) € Do

vio = (z #y, {z}, {y}}, {=} — e1, {y} — e2) € Do
v = (z #y, {{z}, {y}}. {z} — e2, {y} —e1) € Do

V1g = (—|(CL‘ new),@, @) € Dy.

= vz = (znew Az #y,{{z}},{z} —e1) € Do
= vy = (znew Az #y,{{z}}, {z} — e2) € Dy
= vis = (wnew Az #y, {{z} {y}} {2} —er, {y} —e2) € Do
= v = (wnew Az £y, {{z}, {y}} {2} — e, {y} — e1) € Do.

By negation, we obtain

vir = (0(xnew Az #y),d, ) € Dy

vig = (—(z new Az # y), {{y}},{y} = e1) € Do

vig = (=(z new Az # y), {{y}},{y} — e2) € Dy

vy = (~(znew Az # y), {{z,y}},{z,y} —e1) € Do
vo1 = (—(z new Az # y), {{z,y}}, {z,y} — e2) € Do.
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By the clause on existential quantification:

v13,v14 € Do = v = (Jz.(znew Az #y),3,9) € Dy
v15 € Dy = w9 = (Fz.(znew Az # y),{{y}},{y} — e2) € Dy
v16 € Do = vy = (Fz.(zrew Az # y), {{y}}, {y} — e1) € Dy.

In Dg there are no valuations for —3x.(z new A z # y).

For state q; we have atoms (q1, D1,0), (g1, D2,1), (g1, Ds,2). Sets Dy, Dy and D3 differ
because of the black number. In fact, valuation (¢, =, ©) in D1 must have (©) = 0, while in
D5 and D3 it must be Q(0) < 1 and Q(0) < 2, respectively. D1, Dy, and D3 are computed
following the same pattern used for Dy (and in fact many valuations v € Dy are also in Dy,
D5 and Ds3). In particular, D; contains the following valuations:

v = (tt, &, D)

U3 = (.%' = y,{{x,y}}, {x7y} = 61)
= (¢ #y,9,9)

(z #y, {z}},{z} —e1)
(z #y, {{y}} {y} — e1).

Note that there are no valuations (x new, Z,0) for any Z, ©. Therefore, by negation, in D
we have

U5
V6
U8

v = (—(x new), &, &)

vge = (~(@ new), {{z}}, {a} — e1)

vir = (m(x new Az # y), F, D)

v = (m(z new Az # y), {{z}}, {z} — e1)

vig = (=(znew Az # y), {{y}}, {y} — e1)

v = (—(z new Az # y), {{z, y}}, {z,y} — e1).

Since there are no valuations for x newAx # y, it implies there are no valuations for Jz.x newA
x # y. This, in turn, implies by negation:

vog = (m3x.(znew Az # ), D, )
vg9 = (—3z.(z new Az # y), {{y}}, {y} — e1).
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The set Dy = Dy U By, where By (valuation with black number 1) contains:

v30 = (QZ =Y, {{x7y}}7 {a:,y} = OO)

v31 = (z # y, {{z}}, {z} — 00)

vs2 = (z #y, {{y}}, {y} — o0)

vss = (z # y, {{z}, {y}}, {2} — e1,{y} — o0)
vsg = (z £y, {z}, {y}}, {2} = o0, {y} — e1)
v3s = (0(x new Az # y), {{z}},{z} — o0)
v3g = (—(wnew Az #y), {{y}},{y} — o)

(= )

(= )
var = (2(z new Az # y), {{z, y}}, {z,y} — o0)
vzg = (2w new A # y), {{x}, {y}}, {z} = e1, {y} — o0)
vzg = (2(z new A x # y), {{z}, {y}}, {z} = o0, {y} — e1)

vy = (—Iz.(z new Az #£ y), {{y}}, {y} — o0).
Finally, D3 = Dy U By where By (valuation with black number 2) contains:

v = (z # y, {{z}, {y}}, {x} = 00, {y} — o)

vag = (H(@ new AN # y), {{x}, {y}}, {x} = 00, {y} — o0)
viz = (2(znew Aw 7 y), {{z}, {y}}, {z} = o0, {y} = 00).

As for Dy, both in Dy and D3 we do not have any valuation of the kind (3z.(z new A z #
y),Z,0). In fact in g1, the formula ¢; does not hold.

Example 5.10. Using valuations v of the previous example, we discuss a more interesting
case. Consider the formula ¢o = Xdz.x # y and its closure from Example 5.7. The set of
atoms is

AH1(¢2) = { (q05D4,0)7(QOaD£1’0)7
(q1a D5,O)7 ((h, Dé’0)7 ((h, D6, 1)7 ((h, D/6, 1)7 ((h, D?, 2)7 ((h, D’/Y, 2)}

We compute its elements in details. Instead of a single atom for qq, since ¢o involves a next
operator, we construct two atoms (qo, D4,0), (o, D},0). In fact a formula of the kind X
does not imply anything concerning the validity of ¢ in ¢g. This is also the reason why in the
Definition 5.8 we do not have a special clause for the X operator. Thus we distinguish two
possibilities, one in which X¢ holds (case D) and one where =Xt holds (case D}). By the
same argument as the previous example, we obtain

V0, V3, -+ -,V11 € D4,Dz,1'
Moreover,
ve,v7 € Dy, Dy = (Frx #y,9,0) € Dy, D)

010€D47D4/1 = (me%:%{{y}}?{y}'_)ez)€D47D£1
v11 € D4’Dﬁl = (El.fL‘.’E ?é Y, {{y}}7 {y} = 61) € D4’Dﬁl‘

This implies that in Dy and D) there are no triples of the form (=3z.x # y, =, ©) since all
possible partitionings of fv(3x.z # y) are in valuations with the formula Jz.z # y. We define
(XFz.x #y,D,D) € Dy,

(XJz.z # y,{{y}}, {y} — e1) € Dy,
(XJz.z #y, {{y}}, {y} — e2) € Dy,
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while
(-X3z.x # y,,0) € D)

(=X3z.x #y, {{y}}, {y} — e1) € D}
(=X3z.z # y, {{y}}, {y} = e2) € D}

which in turn implies (by definition of atom)

(X=(Fz.x £ vy),2,2) € D)
(X=Cz.z #y), {{v}}, {y} — e1) € D}
(X=Gz.z #y), {{y}} {y} — e2) € Dj.

(= X=(Fx.x #vy),9,9) € Dy
(—X=(Fz.x #y), {{y}}, {y} = e1) € Dy
(—X=(Fz.x # y), {{y}}, {y} = e2) € Dy

The atoms of state q; are?: (g1, D5,0), (1, D%,0), (¢1, Ds, 1), (¢1, D§, 1), (q1, D7,2), (q1, D%, 2).
The computation of D5 and Dy is similar to D4 and D)), therefore we skip intermediate steps
and we indicate only the resulting valuations:

Ds ={ wo,v3,vs,v6, Vs,
(Fz.x # vy, z, 2)
(mIz.z # vy, Hytt {y} = e),
(XJz.x # vy, z, @),
(X3z.z # y, Hytlh, {y} = e),
(= X=(Fz.x #y), 9, ),
(X=Czz £y), {y}}, {y}—e) 1

and

Dy ={ wo,vs,vs5,v6,vs,
(Fz.x # vy, a, &)
(—3z.x £y, Huth, {yt—en),
(- XIzr.x#£y, 9, ),
(—XFzz £y, {{v}}, {y}—e),
X=(Fz.x £vy), 9, @),
X=Fzz #y), {{yt}, {yt—e) )

For Dg and Dg we take Ds\{(—~3z.x # y, {{y}}, {y} — e1)} and Ds\{(=3z.z # y, {{y}}, {v} — e1)}

respectively, and we extend them in order to include valuation with black number 1 (recall
that atoms with Dg and Dg have Q(©) = 1).

/
V30, U31, V32, V33, V34 € Dg, Dy

and
vss € Dg, Dy = (Fr.a £y, {y}} {y} — ) € Dy, D}

v34 € D¢, Dy = (3z.x #y,{{y}}, {y} — e1) € Ds, Dg

in particular, in Dg and Dg there are no triples (—(3z.x # y),E,©) for any =, and ©. This
conforms with the intuition that the black number is 1, i.e., there exists one entity in the
black hole distinct from e;. Thus —=3x.x # y cannot hold in ¢;.

2Again the primed version of a set D will be used for formulae of the kind —Xa).
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Again at this point we must distinguish between Dg and Dy. We define:

(X3z.x #y,9,9) € Dg
(XJz.z #y, {{y}}. {y} — e1) € Ds
(Xz.z # y, {{y}},{y} — o0) € D

(= X-Jz.x £ y,,9) € Dg
(-X=Jz.x # y, {{y}}. {y} — e1) € De
(~X=Jz.z # y, {{y}}, {y} — o0) € Ds.

and (-X3z.a £ y,9,9) € D}
(-X3za # y. {{y}}. {y} — 1) € D}
(-X3w.a # v, {{y}} {y} = o) € D

(X=3z.z #y,2,9) € D
(X=3z.x # y, {{y}}.{y} — e1) € Dy
(X=3z.x # y, {{y}}.{y} = o0) € Dg.

Finally, it is easy to define D7 and D%:
D7 = Dg U {vg1} and D} = D U {vg1 }.

Definition 5.11. The tableau graph for a HABA H and an ATL-formula ¢, denoted G(¢),
consists of vertices Ay (¢) and edges — C Ay (P) X (Ent™ — Ent™) x Ay(¢) determined by

(q7D7k)_>)\ (qlaDl7k/) IH q_>)\ q/a
VX € CL(¢): (X,Z,0) € D & (¢,Z,100) € D',
L f min(K(@).k+ Q) if |
0 if [¢'].
Note that if H is finite-state, then G'¢(¢) can be effectively constructed: the set of atoms
is finite for every given state.

e1 @ --

/62.

q0 q1

Figure 13: HABA H; and corresponding graph G, (3x.(z new A x # y)).
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Example 5.12. The graph G, (¢1) for the set of atoms computed in Example 5.9 is shown in
Figure 13 while G, (¢2) for the set of atoms Ay, (¢2) of Example 5.10 is shown in Figure 14.
Atoms corresponding to accept states of the original HABA are drawn with a double circle®.
In Gy, (¢2), there are only four transitions (self-loops in atoms (g1, Dg,1) and (¢1, D7, 2)
and (q1, De, 1) —, (q1,Dg, 1) and (g1, D7,2) —, (q1,D7%,2)). No other transitions can be
set because either the condition on the X operator or the condition on the black number of
Def 5.11 is violated in any other case. For example, valuation (X3z.x # vy, {{y}},{y} — e1)
is in Dy, however, (Fz.x # y,{{y}}, oo {y} — e1) = Fz.x # y,{{y}}, {y} — e1) does not
belong to Dj, therefore there is no transition (qo, D4, 0) —, (g1, D5,0). While, (qo, D4,0) +x,
(q1, Dg, 1) because the condition on the k component is not fulfilled.

Example 5.13. The right part of Figure 12 shows the HABA Hs with the only state ¢ (it
represents a modified version of g1 of Hp). In this case A\; implodes e; and therefore in each
state a new entity is created. For ¢o = Xdz.x # y the set of atoms contains precisely those
atoms obtained in the previous example for state g;. In fact, in the definition of atoms, the
transitions of the HABA are not taken into account. Atoms for a given ¢ only depend on F,
N, and on the (un)boundness of q. For Hy the resulting graph G, (¢2) is depicted in the
right part of Figure 15. In this case the third component k of the atom plays an active role.
Since A1 implodes at each step an entity, the possible transitions in the graph are between
atoms of the form (1, D, k) —,, (¢, D,k + 1) with k = 0,1. This is because in general with
a formula ¢, we may need to distinguish up to K(¢) different situations according to how
many entities are imploded into the black hole. Above this number we do not longer need to
differentiate. This explains the transition (¢1, D7,2)—,, (q1, Dr,2).

A path through a tableau graph is an infinite sequence of states and transitions, starting
at an initial state of the HABA and satisfying the acceptance condition of the HABA, such
that all “until”-subformulae in any of the atoms are satisfied somewhere further down the
sequence.

Definition 5.14. An allocational path in Gy (¢) is an infinite sequence m = (qo, Do, ko) Ao
(q1,D1,k1) A1 - -+ such that:

1. qo)\oql)\l s € runs(H);
2. for all i > 0, (gi, Di, ki) =, (¢i+1, Dit1, kit1);

3. for all i > 0 and all (¢ U1e,E,0) € D, there exists a j > i such that (19, Z 12, Aj_10
=i 0 (O [¢9)) € Dj.

Given an allocational path 7 in Gy (¢) of this form, we say that 7 fulfills ¢ if the underlying
run p = qoA\oq1 1 - - - generates an allocation triple (o, NV, §) with a generator (h;);en such that
ko = min(K (¢),Q(hg)) and o, N,0 E ¢. If ¢ is clear from the context, we call 7 a fulfilling
path. Furthermore, recall that (cf. Definition 3.11) if there exists (o, N,6) € L(H) such that
o,N,0 = ¢ we say that ¢ is H-satisfiable.

This sets the stage for the main results. We first state the correspondence between the
fulfilment of a formula by a path and the presence of that formula in the initial atom of the
path.

3Formally speaking a tableau graph does not have accept states. However, here we distinguish these atoms
from the others only in order to facilitate their identification that will be useful later.
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(q1,D7,2) (q1, D%, 2)
Y

Figure 14: HABA H; and corresponding graph G, (X(3z.xz # y)).

(a1, Ds5,0) (1, D5, 0)

.
A

q1 /,f,l_oo

/

Yy

Ho

G, (02)

Figure 15: HABA Hj and corresponding graph Gy, (X(3z.x # y)).
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Proposition 5.15. A path 7 in Gy (¢) fulfills ¢ if and only if there exists (¢, =Z,0) € Dg (for
some =, ©) such that I(qo) = ©.

Proof. See Appendix D O

Furthermore, there is a correspondence between the satisfiability of a formula in the HABA
and the existence of a fulfilling path in the tableau graph.

Proposition 5.16. ¢ is H-satisfiable if and only if there exists a path in Gy(¢) that fulfills
o.

Proof. See Appendix D O
Example 5.17. The path © = (qo, Do, 0)\o((q1, D1,0)A1)¥ of Gx(¢1) in Figure 13 is fulfilling
for ¢1 = Jz.(x new Ax # y). On the other hand, ¢2 is not H;-satisfiable. In fact, there are no

paths in Gy, (¢2). Finally, ¢ is He-satisfiable . The path (¢1, D5, 0)A1(q1, De, 1)(A1(q1, D7,2))“
is a fullfilling path.

From now on we can (almost) rely on standard theory (see [17]). The first observation
is that a tableau graph can have infinitely many different paths, therefore looking for a
fulfilling path for ¢ is still not an effective method for model checking. We need the following
definitions.

A subgraph G’ C Gy () is self-fulfilling if every node A in G’ has at least an outgoing
edge and for every (¢ Uy, =,0) € Dy there exists a node B € G’ such that

o AZAO_))\O A1—>)\1 B VI Ai_1_>)\i—1 Az =B
o (P2,E[ 92, Aim1 0+ A0 0 (O [¢2)) € Dp.

A prefiz in Gy(¢) is a sequence Ag— ) A1—,, --—,,_, Ai-1—,,_, A; such that A is an
initial atom (i.e., g4, € Ix) and A; is in a self-fulfilling subgraph.

Let Inf(m) denote the set of nodes that appear infinitely often in the path 7. Inf(r) is a
strongly connected subgraph (SCS). We can prove the following implications:

Proposition 5.18. 7 is a fulfilling path in G¢(¢) = Inf(r) is a self-fulfilling SCS of Gx(¢).
Proof. See Appendix D O
Proposition 5.19. Let G’ C Gy(¢) be a self-fulfilling SCS such that

e there exists a prefix of G’ starting at an initial atom A with (¢,=Z,0) € D4 such that
In(ga) = ©;
e forall F e Fy:Fn{qlq,D,k)e G} +# o

Then there exists a path 7 in Gy(¢) that fulfils ¢ such that Inf(7w) = G'.
Proof. See Appendix D O

Finally, we can collect all the previous results into the following theorem, which is the
main result of the paper, stating in essence that the model-checking problem for ATL over
HABA is decidable.
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Theorem 5.20. For any HABA H and formula ¢, it is decidable whether or not ¢ is H-
satisfiable.

Proof. See Appendix D O

Example 5.21. At this point, it becomes interesting to have
marises the complete model-checking procedure. Consider ¢35 =
mula expresses that there are always at least two entities.
—(ttU—3z.z # y). Its closure is

CL(¢3) = {ttvﬂ:a d)?n _'¢3, dz.x ?é Y, —Jdr.x 7é Yy
X(ttU—TJz.x # y), - X(ttU —Jz.x # y),
X=(ttU—-Jz.x # y), " X=(ttU—3z.x # y),x

an final example that sum-
G(3xz.x # y). This for-
It can be rewritten as ¢3 =

#y,x =y}

We check whether ¢3 is Ho-satisfiable (H3 is depicted in Figure 12). Similarly to Example 5.10,

the set of atoms is AHQ (¢3) = {(QI’ D8, 0)7 ((h, DIS, 0)7 ((h, D9, 1)7 ((h, D(f), 1)7 (C_Ih DlOa 2)a ((h, DiOa 2)}
We just give the final resulting sets of valuation since the computation follows the same pat-

tern as the previous examples?.

Dg ={ wo,v3,vs,vs, 08,
(Fz.x #y, @),
(=32 # y), {y} = er),
(X(ttU—TJz.x # y), @),
X(ttU—Jzz #y)),  {y}—e1),
(= X=(ttU—-Fz.x £vy), 9),
(X—(ttU-To.z £9)), {y} e en)
(ttU-3ea£y), @),
((ttU—Fz.x #y), {y}—e1) }
Dé = { Vo, V3, U5, Vg, U
(Fz.z £y, 2),
(—(Fz.z # y), {y} = e1),
(=X(ttU—-Fz.x #£y), 9),
(_' (ttU —Jdz.x 7& y))7 {y} = 61)’
X=(ttU—Fz.x #£y), 9),
(X (ttU —dr.z 7& y))7 {y} = 61)’
(=(ttU—Fz.x # y), @),
(ttU—Jz.z £ y), {yt —e)}

“Here, for the sake of brevity, in a valuation (1, Z,

to dom(®).
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Sets Dg and Dy contain also valuations with black number 1.

Dy = (Ds\{(=(3z.z # y),{y} — e1)})U
{ v30,v31, V32,33, V34

(Fx.x £y, ),

(e #), W) e,
((Fz.x #y), {y} > o0),
(X(ttU—Fz.z #y), ),
(X(ttU—Jz.z # y)), {y} —e1),
(X(etU-Tu.0 % y), v} — o0)
(=X=(ttU —Fz.z # y), o),
(=X=(ttU~Jz.x # y)), {y} — e1),
(_'X_'(ttU —Jr.x # y))a {y} = OO)’
((ttU-3z.z # ), @),
((ttU—Jza #y), {y} — e1),
((ttU—Fz.z # y), {y} —o0) }

Dy = (Dg\{(=(Cz.x #y),{y} — e1)}HU
{ V30, V31, V32, V33, U34

(Fz.x # v, ),

(Fz.x #y), {y} e,
(Fz.x #y), {y} > 00),
(=X(ttU—=Fz.x # y), ),
(=X(ttU —Jz.x #y)), {y} e,
(=X(ttU—Jz.z # y)), {y} = o0),
(X=(ttU —Jz.x # y), o),
(X=(ttU—Jz.z # y)), {y} = e1),
(X=(ttU —Jz.x # y)), {y} > o0),
(=(ttU—Jz.x #vy), ),
(~(ttU—Jzz # y), {y} —e1),
(=(ttU -3z #y), {y} —o0) }.

In particular note that in Dg and Dy there are no triples of the form (=3z.z # y, ©) for any
©. Finally, we have Do = D9 U {v41} and D}, = D§ U {vy1 }.

The graph Gy, (¢3) is depicted in Figure 16. The valuation (—(ttU —3z.x # y),{y} — e1)
belongs neither to Dg nor Df, therefore the formula ¢3 = G(3z.2 # y) is not He-satisfiable.
This is in fact correct since in the first state there is only one entity. However, it is in-
teresting to note that (X—(ttU-3z.z # y)),{y} — e1) € Dj, therefore the path ©7 =
(q1, D§, 0)A1(q1, D, 1)(Mo(g1, DYy, 2))* is fulfilling for the the formula X¢3 = XG(3z.x # y).
Hence, X¢3 is Ho-satisfiable. Again this is correct since in the second state there is al-
ready an imploded entity in the black hole. Although for this example it easy to see that
7 fulfils X¢3, Proposition 5.19 can also be used. In particular, (g1, D§,0) is the initial atom
containing the correct valuation of X¢3. Furthermore, (g1, D§,0)\1(q1, Dy, 1) is a prefix and
(q1, DYy, 2)M1(q1, D}y, 2) is a self-fulfilling SCS (note that in D7, there are no valuations for U-
formulae but only valuations for negations of U-formulae). Finally, the intersection between
the SCS and the set F7, is not empty since ¢ is the only accept state of Ha.
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Figure 16: HABA Hs and corresponding graph Gy, (G3z.z # y).

5.4 Complexity

We discuss briefly and in a rather informal manner on the complexity of the algorithm de-
scribed in this section. The aim is to find an upper bound to the worst-case time complexity
of model-checking. First we investigate the construction of the tableau graph. This involves
as a preliminary step the duplication of the HABA. Then we give an upper bound on the
number of steps needed to decide if a SCS is self-fulfilling.

Duplication For a HABA H, let Thax = max{|{(¢,\,¢") | (¢, N\, ') €—=n} 1 a,.d € Qu},
i.e., Thax is the largest number of transitions between two states of H. The number of states
of the duplication Hjy is bounded by:

’Q'Hg’ < ’Q'H’Q : Tmax (1)

as in the worst case for a given state ¢ € Q1 we have to create a new state ¢’ € Qy, for every
incoming transitions of ¢.

The number of transitions we have to add to construct Hs is linear to |Q7;| because one
new transition is enough for every new state.

Note that the largest number of transitions between two states does not increase after the
duplication. Therefore when needed we will use Ty, of H.

Graph construction. For a given ATL-formula ¢, note that O(|CL(¢)|) = O(|¢|) as well
as O(K(¢)) = O(|¢|). The construction of the graph is done on the duplication of H. We
have:

|Ax(9)] < 291 |Qay, | - [0 (2)

because, for every state ¢ € QQ3, we have K (¢) atoms if |¢| and each atom must be duplicated
for every formula of the type X¢» € CL(¢).

The complexity of the construction of a single atom (g, D, k) is dictated by the size of the
set of valuations D. It is bounded by the following;:

(1Eq| +1)!
(1Eq| + 1 —=g])!

|D| < |8 - Byg| - (3)
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where B)y| is the [¢[-th Bell number. This formula can be explained as follows: for a ) € CL(¢)
we have a valuation for every partial partition of fv(y). There are B fu(y) of these valuations.
We can substitute By, () by By because B,y < Bj4|- For each of these partitions we need
to consider every injection to E, (last term of (3)). We add 1 in order to consider the black
hole. Finally, since in D there are valuations for each ¢ € CL(¢), we multiply by the first
term |¢|.

Let Emax = max {|Ey| | ¢ € Qn}, ie., Emax is the cardinality of the largest set of entities
in any state of H (and therefore of Hy). Furthermore, let us denote with D,y the cardinality
of the largest set of valuations in Ay (@), i.e., Diyax = max{|D|| (¢, D, k) € Ax(¢)}. Since

(Ié[fi% (|Eq| + 1)|¢| then by (3) we obtain:

Dax < ’¢‘ ) B|¢| ’ (Emax + 1)|¢|' (4)

Thus, we conclude that the complexity for the construction of a single atom is of the order
O(|¢| - By - E I|mLX) The number of edges T in Gy(4) is bounded by®

T < |An(9)1? - Tax- (5)

Finally, the cost of the construction of Gx(¢) is given by summing the complexity of
building Az(¢) and the set of edges respectively. Using (1), (2), (4) and (5) we have:

O(| A ()] - Dinas + | A5()[? - Tonax)

(A% (8)] - 18] - Bio| - EWhs + [A3(d)[? - Trna)

(29 |Qusl - (812 - (Big) - Bihx + 21! |Qug, | - Tonax)
(2190 1Q2¢[2 - Toma - 812 - (Big - Enx + 219 - [ Qe - T2,0)).

O
O
O

Thus, constructing the graph is:

e O(|Qx|"), i.e., polynomial in the number of states of H;
o 021 g% Byg - EL?;LX), i.e., super-exponential on the size of ¢;

° O(Er‘ﬂx), i.e., polynomial in the largest number of entities in H.

Deciding if a SCS is self-fulfilling. To decide whether a given strongly connected com-
ponent G is self-fulfilling, we propose an algorithm consisting of the following steps:

e Construct a linking structure with nodes (A, 11 Ug, ©) where A = (¢, D, k) is an atom
in G and (1 U9, Z2,0) € D, and edges (A’,91 Uo,0") — (A 1)1 U1y, ©) for all
A—, A" with © = XAo©. (Note that the links in this newly created structure go in the
reverse direction w.r.t. the edges of the tableau graph.)

5In principle, Thmax is of the order O(EE‘;‘;") as we can have every possible injective partial mapping from
a set of cardinality Fmax to another set of cardinality Fmax. However, it is reasonable to consider that for big
Fmax such a bound becomes unrealistic. It is hard to imagine such a HABA with so many transitions between
two states. For example, the symbolic semantics presented in Section 4 is deterministic. Tmax is equal to the
number of parallel components of the program and does not depend on Emax. By this consideration, for a
more sensible general picture of the model checking algorithm computational cost, it seems reasonable to keep
Tmax itself in the complexity measure.
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e Appoint in this structure all nodes (A, 11 U 12, ©) as initial for which (9, 19, O[1h2) €
Dy.

e Perform a reachability analysis on the structure thus obtained.

We claim that G is self-fulfilling iff all nodes of this linking structure are reachable. For if all
nodes are reachable then for all A € G and all (¢ U)o, E, O) there is a path

(A, 1 U1h2,0,) — -+ — (Ag, 11 Uy, Op)

with Ag = A, ©9 =0, Ag— ), ~--—) , An and (Y2, E[ 92, An—10---0X00(Og [12)) € Day;
hence G is self-fulfilling. Vice versa, if for all A € G and all (¢»1 U9, E,0) € D4 there is a
node B € G such that

° AZAO_))\O ---—>)\n71 An:B
° (ng,E flﬂg,)\n_lo---OAQO(@ [¢2)) € Dp

then also (Ap, 11 U1, 0,) — -+ — (Ag, 91 Uthg, Op) with ©; = A\j_10---0 g0 O is a path
through the linking structure, and (4,11 Us, ©,) is an initial node in that structure.

The cost of this analysis equals the cost of building the linking structure plus the cost of
the reachability analysis, which is linear in the size of that linking structure. The size of this
structure is dictated by the number of edges, which equals the number of edges in G times
the number of “U -valuations” in each atom of G — which in turn is linear to D,,x. Thus we
obtain the following worst case cost for establishing whether a given SCS G is self-fulfilling:

O(TG : Dmax)

where T is the number of edges in G.
The number of SCS in G (¢) is of the order O(2M47(@)I. T} . ). Hence, the worst time
complexity for checking if there exists a self-fulfilling SCS is:

O(QIAH(¢>)| Tmax - TG - Dmax)

= O(21@n; 19127 2 92lel . 1Qrisl? - 1613 - By - Ei2L)
= 0(2(2‘¢|.‘QH‘5‘+2)|¢| : Tr%lax : |QH§|2 : |¢|3 : B|¢| : Er‘fs‘ix)

= 02 AP Towst DIl T Q|- 6 - By - Blie)

max
If we single out the different paramenters we have:
. 0(22‘¢|‘¢" @] - By - EL?;LX) in the size of the formula ¢;

e 02194 . |Qx[*) in the size of the model H;

. O(Er‘ﬂx), i.e., polinomial in the largest number of entities in H.

Discussion. Clearly, here the presence of entities in the states and the valuations that
must be taken into account produces a rather expensive overhead with respect to the tableau
algorithm for LTL presented in [17] that is only exponential in |¢|. However, as remarked
in [17] most interesting properties about safety and liveness can be formulated by small size
formulae.
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Concerning the parameter F,x, in order to have an idea how it may grow, we can consider
the programming language £ of Section 4. There Eax is bounded by the number of variables
in the program.

Although, the bound given here is rather rough, more problematic is the complexity with
respect to size of the model since in principle nothing can be assumed for the cardinality of
Q7. The LTL algorithm is linear in the size of the model (instead of exponential) because
it uses mazimal strong connected components (MSCC) instead of SCS. It is very likely that
the same optimisation would provide similar benefits in the algorithm defined in this section.
Nevertheless, in this paper the emphasis is in the decidability result while optimisations of
the algorithm is postponed to future work.

6 Related work

History-dependent automata History-dependent (HD) automata [20] are the main inspi-
ration for HABAs. An HD-automaton is a an automaton where states, transitions and labels
are equipped with a set of local names that can be created dynamically. HD-automata repre-
sent an adequate model for history-dependent formalisms such as the w-calculus. Reallocation
of entities in HABA resembles the reallocation of names in HD-automata. HD-automata and
HABAs differ in the way in which entities are referred to. In a HABA, entities can only
be addressed by means of logical variables that can be compared by ATL-formulae. More
important, though, is the novelty introduced in HABAs by the black hole abstraction. This
key feature allows us to deal with a possibly unbounded number of entities.

Spatial logic Related to ATL, concerning properties of freshness, is the recent Spatial
Logic (SL) [5, 4]. SL is defined for the Ambient Calculus and has modalities that refer
to space as well as time. Freshness can be identified in SL using a special quantifier, and
has a somewhat different interpretation than in ATL. More precisely, in SL “fresh” means
distinct from any name used in the formula and in the model satisfying it. If there is a
fresh name, there are infinitely many of them (Gabbay-Pitts property [13]). In contrast, in
ATL, if an entity is fresh it means that the entity is used in the current state and did not
appear previously. This conceptual difference has several consequences. For instance, there
exist non-contradictory ATL-formulae where more than one distinct fresh entity is identified
in the same state. Another difference between SL and ATL concerns quantification. In SL,
quantification is over a fixed (countable) set of names, whereas in ATL, quantification ranges
over entities that are alive in the current state. This set is not fixed from state to state.
Therefore, e.g., the ATL formula Va.X¢ is not equivalent to XVzx.¢.

Tableau-based methods There are basically two approaches to model-checking temporal
logics: the automata-theoretic approach (for LTL [25] and CTL [10, 16]) and the tableau
method. Tableaux are typically used for the solution of more general problems, like satisfi-
ability. For model checking, the tableau approach was first developed for CTL [6, 2]. Our
algorithm is strongly based on the tableau method for LTL presented in [17].

Model-checking and logics for object-oriented systems Model-checking tools for
object-oriented systems are becoming more and more popular, but the property specifica-
tion formalisms are not tailored towards properties over objects (such as allocation and
de-allocation). Bandera [8] is a model checker for Java that uses abstract interpretation
and program slicing to yield compact state spaces. Another model checker for Java is Java
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PathFinder [14]. JPF employs garbage collection in order to obtain a finite state space. How-
ever, in the approaches we are aware of, dynamic creation of objects is only supported to a
limited extent (the number of created objects must be bounded). Both Bandera and JPF use
LTL (or CTL) as property specification language.

The recent paper [27] is related to our work since it deals with unbounded number of
Java objects and threads. The approach is mostly based on abstract interpretation. The
main idea is to conservatively represent (via 3-valued logical structures) many configurations
using a single abstract configuration. This clearly relates with the black hole abstraction.
However, the paper deals only with safety properties and in particular, the emphasis is on
interference between Java thread, deadlock, shared abstract data types, and illegal thread
interactions. Furthermore, this technique may falsely report that a safety property may be
violated, although it can never miss a violation. This is in contrast with our approach that
always provides correct answers.

Apart from these (tool-oriented) approaches, several temporal logics for object-oriented
systems have been defined [15, 23, 12, 9], that, however, do not support primitives for the
birth and death of objects; most of these logic rely on higher order logics to deal with class
hierarchies and are aimed at theorem proving.

7 Conclusions and future work

In this paper we presented an extension of LTL that deals with the notions of dynamic alloca-
tion and deallocation. The new logic, called Allocational Temporal Logic, expresses interest-
ing properties for a wide range of applications. An example is object-oriented programming,
where creation/destruction of objects are key issues. In a more abstract level, allocation and
deallocation of resources (channels, keys, processes, etc.) are fundamental concepts in many
fields of computer science.

We defined two different extensions of (generalised) Biichi automata, called ABA and
HABA, whose runs generate models of ATL-formulae. ABAs are mostly infinite state while
HABAs are a symbolic representation of ABAs and therefore are mostly finite state. The two
main ingredients to obtain finite state HABAs are reallocations, firstly introduced in [20] for
History Dependent Automata, and black-hole abstraction. The latter allows us to deal with
certain cases of unboundness.

As an example of the application of ABAs and HABAs theory, we introduced a simple
programming language dealing with the creation and destruction of abstract entities. Two
operational semantics of the language were given: a concrete semantics (in terms of ABA)
and a symbolic one (in terms of HABA). The symbolic semantics always produces finite
models. The two semantics were proved to be equivalent. Although the language is quite
simple, we hope that this result can be extended to more realistic languages. Probably, more
sophisticated versions of black-hole abstraction must be defined, e.q., with multiple black
holes.

As a main result, we proved that the model checking problem for ATL is decidable.
In particular, we defined in Section 5 an algorithm for model checking ATL-formulae that
generalises the tableau method of Lichtenstein and Pnueli for LTL [17]. To the best of our
knowledge, this represents the first effective approach for model-checking models with an
unbounded number of entities.
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Future work In the future we plan to investigate the use of HABA for the definition of the
semantics of more realistic OOP languages. The first step would be the definition of automata
where entities can reference each other.

Another (long term) open research question is the satisfiability of ATL. During the design
of model checking strategies for ATL, it turned out that our current definition of HABAs is
not suitable for an automata based approach to model checking. The definition of HABAs,
although appropriate for automatic verification, is not expressive enough to provide canonical
models for ATL-formulae.

Similarly, it would be interesting to extend ATL in a way that it would be possible to
express properties of program variables in the language £. The development of a proof theory
for ATL should also be investigated.

Finally, lifting ATL to a second order logic would be an appealing enrichment in the
expressiveness of the formalism. In fact, this would allow to express not only that entities are
new with respect to the previous state, but more specifically, with respect to some particular
state in the past.
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A Proofs of Section 2

Proposition 2.9 For ATL-formula ¢, folded allocational sequences o, and allocational sequence
Ou'

1. For every (o, Ny, 0,) there exists a (o7, Ny, 0) such that (o, Ny, 0,) 27 (o, Ny, 04)

2. For every (o7, Ny, 0;) there exists a (o4, Ny, 0,) such that (o, Ny, 0,,) T (o5, Ny, 0y).
Proof.

1. Trivial by taking (o7, Ny, 05) = (id(oy), Ny, 0u).

2. Let oy = EgAoE1 A1 ---. We prove the proposition by defining (0, Ny, 6,) such that id(o,) =
os. Let 0, = E{E] - - -. By definition of &, id(0,) = oy if (for all i > 0) E; = E! and

Aioh; = hiyq0id; (

D
=

where h; is an isomorphism between E; and E!.

We show that it is possible to define such E; by induction on i.

[Base] It suffices to choose Ej such that |Ey| = |E{}|. As these sets are isomorphic, let hy be
such isomorpism between Fy and E).

[Step] Assume we have constructed the sequences up to index ¢ (with ¢ > 0). The proof
obligation is to construct E; | = E; 1 satisfying (6). Let E} | = EoiqUEnew With EggNEpew =
&. Choose E,q = h;l(dom(/\i)) i.e., Eouq C E! is the set of entities that do not die during
the transition from E; to E;;1, and that in E 11 are old. Epe, corresponds to the new entities
of Eiy1. Choose Eypeyp such that |Epew| = |Eig1\cod(N;)| and Epe, N E] = @. The first
constraint on E,,., avoids to choose entities that in E, correspond to entities in F; that died
during the transition from FE; to E;;. The second constraint establishes E,jq N Epey = D. As
|Enew| = |Eit1\cod(\;)|, Enew is isomorphic to the set of new entities in F;i1; let h: Epey —
(Eiy1\cod();)) be such isomorphism. Then we define h;y1 : Ej | — E;j;1 by:

3

_ . Ao hi(e) ifee Eyy
hita(e) = { h(e) ife € Epew.

It is easy to see that this definition satisfies (6).

B Proofs of Section 3

Lemma 3.9 For HABA H and any expansion Exp(H) of H:
(a) L(Exp(H)) 27 L(H) and
(b) L(Bxp(H)) T/ L(H).
Proof. Let H be a HABA and Exp(H) an ABA that expands H with ¢ : Q gap() — Qn surjective.

(a) Let (o, N,0) € L(H). To prove: there exists (o/, N’,0") € L(Exp(H)) such that (o, N’, ") Cfold
(0,N,0). Let 0 = EgAJE1A] -+ be such that p = gohoqiA1 -+ € runs(H) generates (o, N, ). Let
P = quq; - € runs(Exp(H)). As Exp(H) expands H, it follows that for i > 0: ¢; = ¥(q}), ¢; — i1

expands ¢; —,. gi+1 and |Ey| = |E;|. These facts relate p, p’ and 0. Let o' = Ey Ey Ey . It
follows directly that p" accepts o’. Note that, by construction, ¢ : E, — Ey, and ¢; : E; — EJ°
are bijective on the entities that are not mapped onto oo, i.e., |[E;\EY°[ = |Eq,| = [Ey \Ey?| for all

i > 0. In order to show that id(¢’") = o, we prove that there exists a family of bijections (h;);>¢ with
h; : Eq; — FE; such that
Ay ohi=hiy10idg e, - (7)

i+1
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Then it follows (id(c"), hy*(N),hy' 0 0) = (o, N,0), and by definition, (o/, hy ' (N),hy* o §) CFold
(o, N, 0), which proves (a). Consider the following definitions of h;. For i = 0, let:

h(e) if ¢gr (€) = o0
hO e) = { N . L0
=1 g 0 ay(e) i dygle) # oo
where £ is an arbitrary isomorphism between E(‘;(,f and E§°. Note that such isomorphism exists, since
|Egr| = [E| for all i. For i > 0, let:

B )_{ Ar.foh-ozdglm%l (e) if gg,,(e) = 00
o G 0 by, (€) if %Je)#oo

The fact that h;iq is well defined can be seen as follows. If ¢, = oo then e € Ey N E‘?'+1’

otherwise the number of new entities in E, - and E,_ , would dlfffer Wthh cannot be the case due

to condition (i) of Def. 3.8. Thus, idg' p, (e) is defined. If g, (€) # oo then hit(e) is defined,
; 941 °

since ¢;+1 is bijective on entities not mapped onto co.

1" )\ 1"
€ €Bq — ' e € € Hgpn

e; € Ew(qu)

Figure 17: ¢; is generated by ¢, = 1(g;).

We now show that h; satisfies (7) in the following steps (cf. Fig. 17): For all ¢ > 0:
¢q = ¢ioh; (8)

The proof is by induction on 1.

(Base) For i = 0 it follows directly from the definition of hg.

(Step) Assume (8) holds for ¢ > 0. We prove case i+1. According to the definition of h;11, we
distinguish:

* ¢q ., (€) #00. Then ¢it10hiyi(e) = iy10 bi © bq,,(€) = bg,, (€).

* ¢q ., (e) =oco. Then we have

iv10 hiti(e)
=iy 0N ohioidp, np, (e)
= [¢q;,, (€) = oo implies e €+Eq; NEq,,]
Git10 A7 o hi(e)
= [by condition 4 of Def. 3.6]
Ai 0 ¢; 0 hi(e)
= [by induction hypothesis]

Ai 0 dg!
= [by condition (i) of Def. 3.8]

Pqi,, © 1By nE, ()

= ¢q£+1 (e)
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This completes the proof of (8). Using this fact, we prove for all ¢ > 0:
dom(\ o h;) = dom(h;110idg ,nE, ) (9)
a4 441
Note that dom(h;41 o iqu,{-”EqQH) = Ey NEy, , and dom(A] o h;) = {e € Ey | hi(e) € dom(A7)}.

o ‘2% let e € By N Ey, . By (8) it follows ¢g (e) = ¢;i o hi(e). By condition (i) of Def. 3.8, we
have that \; o ¢; o hi(e) is defined, since e € Egy N Eq, .- This implies by condition 4 of Def. 3.6
that ¢;11 0 A7 o h;(e) is defined and therefore e € dom(AJ o h;).

e ‘C let e € dom(A? o h;). Since A7 o h;(e) is defined, ¢; 11 0 A7 o hi(e) is defined as well. By
condition 4 of Def. 3.6, A; o ¢; o hj(e) is defined. From (8) it follows that \; o ¢y (e) is defined.
But then by condition (i) of Def. 3.8, it must be e € Ey; N Eg .

This completes the proof of (9). Finally, we prove for all ¢ > 0:
Ve € dom(\7 o hy) : (/\g o hi(e) = hiyr 0 idp ,np (e)) . (10)
4 941

The equality can be also understood by the fact that the diagram in Fig. 17 commutes. Let e €
Eyn0 quﬂ. We distinguish two cases:

* ¢q () #oco. Then

AZ o hi(e)

= [by definition of h;]
A7 o Qsl_l © d)q: (e)

= [sirice o (e) is d?ﬁned and by Def. 3.6 ¢} o \; 0 ¢; = \7]
(bij_ll oA 0P 0p; 0y (e)

=¢; 10N 0 ¢q§ (e)

= [¢;— ¢i,, expands g; —,_ gi+1, by condition (i) of Def. 3.8]
9ier © bat,, 0 idE, i, (0)

= [¢q2+1 (e) # oo, definition of h;41]
hi+1 ] iquénEq;+1 (6)

(e) = co. Then we have

[ ] (’bql'Jrl
A% o h;(e)

=X\ oh;oidzt oid e
¢ qumEq§+1 EQQQE"ﬂl ( )
= [by definition of h;41]
hi+1 o iqu/ ﬁEq/ (6).
i i+l

From (9) and (10) it follows (7). This completes the proof of (a).

(b) Let (0, N,0) € L(Exzp(H)) with 0 = EgE1Ey--- and p = qoqigz - -+ be the run that generates
o. To prove: there exists o’ € L(H) such that o/ = id(c). Since p € runs(Exp(H)), there exists
p' = 1¥(q0)Mot(q1) M -+ € runs(H) such that ¢; — ¢i+1 expands 1(q;) —, ¥(gi+1) for all i > 0. Since
p is a run of Fxp(H), every state in p satisfies conditions 1-6 of Def. 3.8 for a family of functions
bq. + Eq, — Ej,,)- Choose o' = id(c). We show that p' generates (id(c), N,#). This amounts
to prove the existence of a generator ¢} : E; — E"TJ(E‘Z'L) satisfying the conditions of Def. 3.6. Let
@, = ¢q,. Conditions 1-3 follow directly from the definition of ¢, (since by definition it satisfies
conditions 1-3 of Def. 3.8). Furthermore, by definition of expansion: A; o ¢y, = ¢g,., © idE, NE,, -
Thus, condition 4 is fulfilled. Consider now condition 5. Assume e € F;11, ¢;11(e) = oo and e ¢ E;.
Then e € Ey,,,\Eqy, and therefore ¢;y1(e) € Eyq,,,)\cod(A;). This is, however, impossible since by
hypothesis ¢;11(e) = oo. Finally, condition 6 holds by definition of ¢;. Hence, we conclude that
(id(0),N,0) € L(H). O
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Theorem 3.10 For any HABA H and expansion Ezp(H) of H : L(H) = L(id(Exp(H))).

Proof. ‘Cf°1%": Let (0, N,0) € L(H). To prove: there exists (¢/,N’,0') € L(id(Exp(H))) such that
(o,N,0) = (', N',§"). By Lemma 3.9.a it follows that there exists (¢”/, N, ") € L(Fxp(H)) such that
(o,N,0) Cfold (o ”,N” 0"). By definition of £ thus (o, N, 0) = (id(c"),N",0") € L(id(Ezp(H))).

‘afeld: Let (0, N, ) € L(id(Exp(H))). To prove: there exists (o, N’,0") € L(H) such that (o, N,0) =
(¢',N',0"). As (o0,N,0) € L(id(Exp(H))) we have (o,N,0) = (id(c"),N,0) for some o’ with
(¢”,N,0) € L(Exp(H)). By Lemma 3.9.b it follows that (¢, N,0) Cf°¢ (¢/,N’,¢') for some
(o, N’ 0') € L(H). By definition of C° thus (o, N, 0) = (o', N',0"). O

C Proofs of Section 4

Theorem 4.5 For any p € £L: A, is an expansion of H,.
Proof. Let v : Qa, — Q, be defined in the following way:
b(s, ) = (5, ') where E' = {77\(¢) | e € E}.

If entity e € F is not referenced by any variable, then y~!(e) = @. Thus, @ € E’ and state (s, E,7)
is unbounded. For state ¢ € Q4,, let ¢4 : By — Ef(q) be defined as follows:

Psm)(€) =7 (e).
To show that A, expands H, we prove that ¢, fulfills conditions 1-6 of Def. 3.8:
L If @5, p,)(€) = O(s,,4)(€') # D, then v~ (e) =y~ 1(e’). Since 7 is well defined, it follows e = ¢.
2. Straightforward, since if X; € Eyq), then there exists e such that X; = v~ *(e).

3. If @ ¢ Ey(q) then, by definition of v, we have for all e € E : e € cod(7). Therefore, by definition
of ¢q, we have for all e € E : ¢4(e) # 2.

5.46. Follows directly, as the set of initial and final states for H, and A, are identical.
It remains to prove the 4th condition:

a) any ¢(s1, E1,71) —, ¢5 is expanded by some transition (s1, E1,v1) — (s2, E2,72), and

b) any (s1,E1,71)— (s2, E2,72) is expanded by some ¢ (s1, E1,71) — (52, E2,72) for some A.
These statements are proven by induction on the structure of statement s;. The base cases:

e case new(v). Let ¢1 = (new(v), E1,71) € Qa,. We have that ¢)(q1) = (new(v), Ey(4,)). Accord-
ing to the symbolic semantics (cf. Table 2), the only possible transition is

new(v), Ey(q,) — » skip, E’ (11)
where E' = {X;\{v}|X; € Ey(q1)} U {{v}}. The only transition of g; (cf. Table 1) is

neW(U)7Ela’yl_) SkiP7E2a’Yl{e/U} (12)

where Fy = E; U {e} and e ¢ E;. For convenience, let g = skip, E2,v1{e/v}. We show that
(12) expands (11). First, we observe that ¢(qz2) = (skip, Fy(q,)) = (skip, £'), since:

E¢(Q2
={mfe/v}~ ( e’ € ExU{e}} )
= {nfe/v} ()¢’ € Er} U {m{e/v} " (e)}
= [since e ¢ F1]
e\ ole € By} U{{oh)
= LXK B U L0))
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Thus, +(skip, By U{e},v1{e/v}) = (skip, Ey(q,)) = (skip, E’). Next, we need to check conditions
(i) and (ii) of Def. 3.8. If ¢’ € Ey, we have:

g, (id B, NE,, (€))

= [since €’ € E,, = ¢’ € E,,]
g, (€)

=71 He/v}(e)

= [since €’ € E,, = ¢/ #¢€]
ST CONC:

= [by new’s rule in Table 2]
Ao '(e))

= A, (€))-

This proves (i). (ii) follows directly from the fact that for new in both Table 2 and Table 1 only
one new entity is created. Thus, transition (12) expands (11).

It remains to check condition 4.b. As we have seen above, the only possible transition ¢; — g2
in the concrete model is (12). Furthermore, we have ) (new(v), £1,71) = (new(v), Ey(q,)) and
Y(skip, E1 U {e}, m{e/v}) = (skip, Ey(q,)) = (skip, ') where E' = {X;\{v}|X; € Ey(q)} U
{{v}}. Again, for s; = new(v) the symbolic model prescribes only one transition, namely (11).
As we have proved for case a), (12) expands (11).

case v :=w. Let ¢1 = (v:=w,E1,m) € Qa,, and ¥(q1) = (v := w, Ey(g,)). According to the
rules of the symbolic model, 1)(q;1) has only one possible transition (cf. Table 2), i.e., we have

v i= w7E¢(¢I1)_)/\ Skip7El (13)

where E' = {X;\{v}w ¢ X;} U{X;U{v}w € X;}. For ¢ there is only one possibility (cf.
Table 1):
V= U},El,’Yl—) Skipa Ela’Yl{’Yl(w)/U}~ (14)

We show that (14) expands (13):

Ey(g0) )

= {n{mn(w)/v} " ()]’ € Ei}

= {7 "(e)\{v}|e' € Ex\{m(w)}}U
{1 (rn(w) U {v}}

= {E{Q\{v}lw ¢ Xi} U{X; U{v}w € X;}

Note that if there is at least another variable v’ # v referring to v’s entity, then ¢ (g2) remains
bound if ¢ (¢1) was bound. If 1(q;) was unbound, then t(g2) is unbound. Now, we show
that conditions (i) and (ii) are fulfilled. Note that ¢’ € E,, = ¢’ € Eg,. If ¢ # ~v1(w) then
4. (1B, 0B, (€)) = g (€) = 21 {m(w)/v}(e)) = 17 (¢)\ v} = A7 (€) = Mg, (¢)).
Similarly, if e’ = 1 (w) then ¢, (idg, nE,, (') = ¢g,(e') = 7 My (w) /ol (e) = 7 e ) U{v} =
M1 H(€)) = M¢q, (¢))). Note that there are no new entities both in the concrete and in the
symbolic model, therefore (ii) holds.

The proof of condition 4.b follows in a straightforward manner from the above.

case del(v). Let q; = (del(v), B1,71) € Qa, and ¥(q1) = (del(v), Ey(q,)). According to the
rule for del in Table 2 we have

del(v)7E¢(q1)_>)\ Skip, Eib(!h)\{Xi}' (15)
where X; =77 !(71(v)). In the concrete model we have
del(v), B, 1 — skip, Ex\{71(v)}, 71 {L/v}. (16)
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We show that there is correspondence between the target states of these transitions.

Ey(go) .
={n{L/v} ()¢ € Ex\{mn(v)}}
= {n ()]’ € E\{m(v)}}
= {7 (&)l € Ex}\{7; ' (n(v))}
= Ey(g) \{Xi}-

We can conclude that indeed 1(q2) = (skip, Ey(q,)\{Xi}). We must now show that conditions
i) and ii) hold. If e € Ey and e # y1(v) then ¢g,(idg, nE,,(€) = dg,(e) = 77 {L/v}(e) =
it (e) = Mt (e)) = M(¢q (). If e = v1(v) then e ¢ Ey N Ey therefore there is nothing to
prove because e ¢ dom(¢gy, 0 idg, nE,,) and e ¢ dom(A o ¢y, ).

Furthermore, there is no new entity after the transition in either symbolic or the concrete model.
Thus, we conclude that condition 4.a holds.

We prove condition 4.b for s; = del(v). Consider the transition (16). We have seen that
1(q1) has only one possible transition, namely (15) and we have proved that indeed the former
transition is the expansion of the latter one using A as defined by rule for del of the symbolic
model. Hence we conclude that for the del(v) case, 4.b is fulfilled.

(Step) We only present the proof for sequential composition. The proofs for the other cases are
conducted in a similar way and are omitted here. The case s = skip; so is trivial. Assume s = s1; s9
and q1 = $1; 82, F1, 71 with s; # skip. We prove that any transition

Y(s1;5 52, B1,m) — 51552, Eygy) (17)

is expanded by transition s1; $2, E1,v1 — ¢2. Transition (17) is only possible if:

Y(s1, E1,m)— Sll’Ew(th)' (18)

By the induction hypothesis, there exists a transition s1, E1,v1 — s}, Fa, 72 that expands (18). There-
fore, s1; 892, F1,v1 — $1; S2, Ea2, 72, that exists by the rules of Table 1, expands (17).

For condition 4.b, consider transition si; s2, F1,71 — g2 in the concrete semantics. By the rule for
sequential composition in Table 1 there must be a transition s1, F1,y1 — s}, E2,v2. By the induction
hypothesis, this expands transition v(s1, E1,71) —, 81, Ey(g,). Thus, s1;82, E1,71 — g2 expands
P(s15 82, B1,71) — 81582, Ey(qs)- O

Proposition C.1. For all ¢ € Qy, : |Ey| < |PVar|.

Proof. The set E, is a partition of A C PVar. Thus, |E4| < |4| < |PVar|. O

Theorem 4.6 For any p € L: H, is finite state.

Proof. We show that

|PVar|
PV
Q| < [Smax|™ -+ [1+2- Z <| k‘arl)Bk
k=1

where By, is the number of partitions of a set of k elements, |Smax| the size of the longest sequential
statement in p and m the number of sequential components of p. In fact, since we are interested in the
partition of subsets of PVar that solely consist of defined variables, By corresponds to the number of
partitions when k variables are defined. There are (lP ‘I;W‘) different ways to choose k distinct variables
from the set PVar. Therefore, we have (‘P‘g‘”'l)Bk partitions for k defined variables. Finally, we have
to consider all possible &k such that 0 < k < |PVar|. The constant 2 considers the possibility to have a

bounded or unbounded state. As all variables can be undefined (i.e., E = &), one has to be added. O

o1



D Proofs of Section 5
Lemma 5.3 L(H) = L(Hs).

Proof. [L(H) C L(Hs)] Let (o,N,0) € L(H), with 0 = EgAoE1A1---. Let p = goloqaA1--- be
the run generating (o, N,6) by some generator (h;)ieny. We define a run p’ of Hs that generates
(0,N,0) in the following way. Let p’ = g{AogiA] -+ such that ¢ = (qo, ho(IN)) and for all ¢ > 0,
¢iy1 = (¢iy1, Eq,, \cod(N;)). According to the the definition of duplication, we have ¢; € Q' for
i > 0. Furthermore, since ¢; —, gi+1 (i > 0) then there exists a corresponding transition ¢; —,. ¢; 1,
in Hs. As ¢ is an initial state of H;s and for every accept state ¢; visited infinitely often, also the
corresponding accept state ¢ is visited infinitely often, we conclude that p’ € runs(Hs). Finally, since
Ey = E,, for all i > 0, and p’ has the same oo-reallocations A; as p, then the generator (h;)ien
generates (o, N, 0) also from run p’. Hence we conclude that (o, N, 0) € L(Hs).

[L(Hs) € L(H)] Let (o,N,0) € L(Hs), with 0 = EgAgE1A1 -+, and let p = gjAogi 1 -+ be the
run generating (o, N,0). We define p = goAogiA1--- such that for all ¢ > 0, where ¢} = (g, M;).
Since p’ € runs(Hs) implies p € runs(H) and p’ generates (o, N, 0) by a generator (h;);en implies of p
generates (o, N, 0) by the same (h;);en, we conclude that (o, N,0) € L(H). O

In this section recall that K(¢) = maz{|fv(¥)| | ¥ € CL(¢)} and Q) = |{a € A | a(a) = oo}
Furthermore, note that since = = dom(0) for all valuations (¢, Z, ©), we can drop the =Z-component
without loss of information. Finally, in the following, from an arbitrary partial mapping 6: LVar — Ent
we derive a partition-based mapping partial [¢]: 2LY%" —~ Ent as follows:

[0]: X —e if X =0"1(e).
The following lemma is an auxiliary result for the proof of Prop 5.15

Lemma D.1. For any path m = (go, Do, ko)Xo(¢1, D1, k1) - - - and for any generator (h;);en of alloca-
tional sequences generated by the undelying run p of «:

ko = min(K (¢), Q(ho)) implies Vj € N : k; = min(K (¢), Q(h;)).

Proof. By inductive argument, assume that k; = min(K(¢),2(h;)). By Definition 5.11, kj11 =
min(K(¢), k; + Q(A;j)). There are two cases. On the one hand, if [¢;11] then trivially we have
ki1 = 0= Q(hj41) = min(K (@), Q(hj41))-
On the other hand, assume |g;+1]. Then it results kj11 > 0 and we distinguish two further cases:
o if k; = K(¢) then by inductive hypothesis Q(h;) > K(¢) and k; + Q(\;) > K(¢) that in
turn implies, together with |gj+1] that Q(hjt1) > K(4) and k;41 = K(¢). We conclude that
kj+1 = min(K (), (h;11))-
o if k; = Q(hj) < K(¢) then by Definition 5.11 and by inductive hypothesis, kj11 = min(K(¢), k;+
QX)) = min(K(¢), Q(h;) + Q(A;)) = min(K(¢), Q(h;11)), every imploded entity is preserved

in the transition.

Hence, we conclude that k; = min(K(¢), Q(h;)) for all j > 0. O

Lemma D.2. Let H be a HABA and ¢ an ATL-formula. Let m = (qo, Do, ko)Xo(q1, D1,k1)A1 - -+ be a
path of Gy (¢) with underlying run p = goAogi A1 - - -, and let o be an allocational sequence generated
by p with generator (h;);en, such that k; = min(K(¢),Q(h;)) for all j > 0. Then for all ¢ > 0,
¥ € CL(¢) and 0: fv(yp) — Ent:

o' ,N7, 0=+ <= (¢Y,hiol0]) €D; . (19)
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Proof. First of all we prove that there exists an allocational sequence o generated by p with a generator
(hj)jen such that k; = min(K (¢), Q(h,)) for all j > 0. By Lemma D.1, it is enough to show that there
exists among the allocational sequences generated by p, one with Q(hg) = ko (recall that kg < K(¢)).
We distinghuish to cases:

e [qo] then ky = 0 and p generates only one sequence (up to isomorphism), i.e., precisely the one
such that Q(ho) = 0.

e |go] then p generates every sequence with an arbitrary number of (initial) imploded entities.
Clearly, among these sequences there exists a o such that Q(hg) = ko.

Now, we can prove the statement (19) by induction on the structure of .

Base of induction

e case ) = T new.

[=] Suppose o', N?,0 = znew. This implies z € dom(f) and 6(z) = e for some e € N7.
By definition of the generator, h;(e) € N,,; therefore, (x new,{zx} — h;(e)) € D; by Defs. 5.5
and 5.8. Since [f] = ({z} — e) we are done.

[«<] Suppose (znew,®) € D; where © = h; o [f]. It follows that + € X € dom(©) such
that ©(X) € N,,; by the definition of generator and the construction of [f] it follows that
0(z) = h; *(©(X)) € N7. Thus we have 0%, N7, 0 = x new.
e case Y = (x = y).
[=] Suppose 0%, N;,0 = x = y. This implies z,y € dom(f) and 6(z) = e = O(y) for some
e € E7; hence [0] = ({z,y} — e). We have two cases:
1. h;(e) # oo. By definition of AV, we have (x =y, {z,y} — hi(e)) € D;.
2. h;(e) = oco. Since K(¢) > K(¢p) = 2, it follows that k; = min(K (), 2(h;)) > 1. Hence,
by the definition of atoms (Definition 5.8), we have (z =y, {z,y} — h;(e)) € D;.

[<] Suppose (z = y,0) € D; with © = h; o [0]. Tt follows that dom(©) = {{z,y}} and
O({z,y}) = hi(0(x)) = h;i(0(y)); hence z,y € dom(f) and 6(z) = 6(y) (by the construction of
[0]). 1t follows that o/, N7, 0 = x = y.

Inductive step
e case ¢ = Jx.1).
[=] Suppose 0%, N7, 0 |= Jx.4)'. It follows that there exists an e € EY such that o, N7, 60{e/z} =
¥'. By general assumption (see Page 26), z € fv(¢') and hence dom(8{e/xz}) C fv(¢)'); hence

by the induction hypothesis, we have (¢',0’) € D; such that ©' = h; o [#{e/x}]. Note that
x € |Jdom(®’). Tt is not difficult to check that, for © = ©’ | fu(¢)),

O ={(X\{z},0(X))| X €dom(0’), X # {z}} = h; o [0]
(using in particular that = ¢ dom(6)). It follows (by Definition 5.8 of atoms) that (Jx.¢p’,0) €
D;.

[«<] Suppose (3x.¢’,0) € D; such that © = h; o [#]. This implies by the definition of atom that
3(¢’,0’) € D; where

1 0= 0 [ Eea) (= {(X\ {2}, /(X)) | X € dom(®), X # {}} )
2. z € |Jdom(©');
3. QO) <k.
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We now want to construct ' = 6{e/x}, in such a way that @ = h; o [#']. This comes down
to choosing an appropriate e. There are three possibilities, based on X € dom(©’) such that
r e X:

— O'(X) # oo; then e = ©'(X) is appropriate.

— X D {z}; then e = 0(y) for y € X \ {z} is appropriate.

— O©/(X) =oc0 and X = {z}. Then Q(0') = Q(O©) + 1, hence k; > Q(O©) + 1. It follows that
h;(e) = oo for some e ¢ cod(f); this e is appropriate.

By the induction hypothesis, it follows that ¢, N, 0’ |= . But then also 0%, N7, 0 |= .

case ¢ = ).

[=] Suppose o%, N7, &= —’. This implies o, N7,0 ¥ 1’. By the induction hypothesis, it
follows that (¢', h; o [0]) ¢ D;. But then (by the definition of atom) (—%’, h; o [0]) € D;.

[«<] Inverse to the above.

case ¥ = Y1 V 3.

[=] Suppose o, NZ,0 = 11 V 1. This implies either o/, N7, = 11 or o¢, N7,0 = 1)o;
w.lo.g. assume the former. Let 61 = 0 | fu(¢1); it follows that also 0%, N7, 60; = v¢1. By the
induction hypothesis, we have (¢1,01) € D; for ©; = h; o [#1]. Now let © = h; o [#]. Due
to Q(O) < fu(y) < K(¢), QO) < Q(h;) and k; = min(K(¢), 2(h;)) we may conclude that
0(0) < k;. Since (as is easily checked) ©1 = O [ 91, we may conclude (by the definition of
atom) that (¢1 V 12, 0) € D;.

[«<] Suppose (1 V 1)2,0) € D; such that © = h; o [0]. By the definition of atom, this implies
either (11,0 [41) € D; or (12,0 [ 1) € D;; wlo.g. assume the former. Again, it is not
difficult to see that © [ty = h; o [61] where 6; = 0 | fu(w)1); hence by the induction hypothesis,
o', N?,0; = 11. But then also 0%, N7, 0 |= 11 and hence 0%, N7, 0 |= 11 V 1)o.

case ¢ = X1/,

[=] Suppose o*, N7,0 = X¢'. It follows that o't N7 ,,A7 0 0 |= ¢/. By the induction hy-
pothesis, (¢',0) € D;41 such that © = h;11 o [\ o 6]; moreover, h;11 0 AY = \; o h;. Since A7
is injective, it follows that [A7 o ] = A7 o [f] and hence © = \; o h; o [0]. By the definition of
transitions in the tableau graph (Def. 5.11), we may conclude that (X¢’,0) € D;.

[«<] Suppose (X¢',0) € D; with © = h; o[0]. Due to the definition of transitions in the tableau
graph, we may conclude (¢', A\;00) € D;1. Note that (just as above) A;00 = h;110[AJ 0] and
hence (due to the induction hypothesis) o™, N7, A7 06 |= ¢'. Tt follows that o, N7, 6 = X¢'.

case 1 = 11 Uy, For this case we repeatedly use the following correspondence, which holds for
all j > i (provable by induction on j, using the properties of the generator (h;);en, see Def. 3.6):

)\j_lo---O)\iOhiO[e]:hjo[)\?_lo---o)\goe]. (20)
[=] Suppose 0%, NZ,0 |= 11 Uy, It follows that there is a n > i such that

1. oj,NJ‘-’,)\;-’ilmuo)\foG':@/)l for all i < j < n;

2. 0", NI, A2 _10---0X 00 = s.
By the induction hypothesis, and using (20), it follows that

1. (Y1, A\jm1o---0Xoh;of] [¢n) € Djforall i <j<n;
2. (’lﬁl,)\n_l O"'O)\iohio [9] [’lﬁg) S Dn.
But then one can show (using the definition of atom) that also (X(¢1 Ua), Aj_10- - -0X;0[0]1¢n) €

D; for all ¢ < j < n. (This is shown by induction starting at j = n — 1 and going down to
j =1i.) We may conclude that, in all cases, (1 Us, h; o [0]) € D;.
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[«<] Suppose (1 Uy, ©) € D; with © = h; o [6]. By Definition 5.14 (condition 3) there exists
an n > 4 such that (Y2, Ap—10-+-0X;00 [1h2) € D,,. Let n be the smallest such; then it follows
(due to Def. 5.8) that (¢1,Aj—10---0X 00 [¢1) € D; for all i < j < n. (This is proved by
induction on j € {3,...,n — 1}, using the fact that (2, A\j_10---0X; 00 [ ¢2) ¢ D;.) Using
(20) we get

— aj,N;T,)\‘JT_lo---o)\foe):wl for all i < j < m;
— 0", N2, X0 _j0---0)X 0f = 1)a.

This implies o, N7, 0 = 11 Us.
O

Proposition 5.15. A path 7 in G (¢) fulfills ¢ if and only if there exists (¢,0) € Dy (for some
©) such that Iy (qo) = ©.

Proof. (only if) If  fulfills ¢ there exist a (o, N, 8) generated from the underling run p by a generator
(hi)ien such that o,N,0 E ¢ and k¢ = min(K(¢), Q(ho)). By Lemma D.2, (¢,ho o [f]) € Dy.
Furthermore, we have hg o [0] = hg 0 8 = I¢(qo).

(if) By Lemma D.2, taking the triple (o, NV, ) generated by (h;);en such that kg = min(K (¢), Q(ho))
if (¢,0) € Dy with Iy (qo) = hgo 8 = hgo[f] = O then o,N,0 E ¢. The existence of the right
allocational sequence with the right number of initial imploded entities is explicitely proved. Thus, ¢
is satisfiable. Since (o, N, 0) is generated by the underling run of 7 and the condition of kg is satisfied,
by definition it follows that 7 fulfills ¢. O

Proposition 5.16. ¢ is H-satisfiable if and only if there exists a path in G (¢) that fulfills ¢.

Proof. If there exists 7 in Gy (¢) that fulfills ¢, by definition this implies that ¢ is satisfied by an
allocation triple (o, N, 6) generated by the underlying run of .

Now assume that ¢ is H-satisfiable, and let p = goA\oq1 A1 - - - be a run generating a triple (o, N, )
with generator (h;);en such that o, N, 0 = ¢. We construct a path m = (qo, Do, ko) Ao (g1, D1, k1) A1
-+« that fulfills ¢. For all 7 € N let

D; = {(¢7hz © [9]) | Y e CL(QZS)’O—iaNiavo ': 11[}}

and

ki = min(K (6), (k).
It can be proved (by induction on the structure of the formulae in CL(¢)) that the D; and k; satisfy
the conditions of Definition 5.8; i.e., (¢;, D;, k;) is an atom for all ¢ € N. We show that 7 is a path by

proving that the conditions of Definition 5.14 are satisfied by 7. Since 7 then fulfils ¢ by construction,
we are done.

1. By the construction of 7.

2. By contradiction. Assume that there exists an i > 0 such that (g, Dy, ki) — . (¢i+1, Dit+1, kit1)
is not a transition of G. Take the least such i. Then one of the following must hold:

i) ¢ —y, Git+1 is not a transition in H. But this contradicts the fact that p is a run of H.

ii) there exists (X, ©) € D; such that (), \; 0©) ¢ D;,1. By the properties of the generator
we have that A\;00 = h;410[A700] (see also (20)); hence this would imply ¢!, N7 ;, A7 of) ¥
1. But then also 0%, N7, 0 ¥ X¢, contradicting the construction of D;.
If (¢, Ai0®) € D;qq1, but (Xe,0) ¢ D, then again for the properties of the generator,
o Ng 1, A7 00 |= ¢ and by the semantics of ATL, o/, N7, 0 |= X¢. Thus by definition
of D we must have (X, 0) € D;. Contradiction.

i) kit1 # min(K(¢), ki + Q(N\;)). Since Q(hi+1) = Q(h;) + Q(\;), this is also contradictory.
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3. Assume (11 Uz, ©) € D;. By the construction of D;, o, N7, 0 = 11 Ut and © = h; o [0].
Therefore 0/, N7, A9_ 0---0A7 00| fu(t2) |= 12 for some j > i. Due to (20) and the construction
of D, it follows that (1), A\j_10---0X; 00O [ 1)) € D;.

O

Proposition 5.18. If 7 is fulfilling path in Gx(¢), then Inf(w) is a self-fulfilling SCS of G /().

Proof. Let G' = Inf(n). G’ is strongly connected. From the definition of infinite set it follows that
there exists i > 0 such that the atoms in 7 = (g, Dy, ki)\i(qit1, Dit1,kiv1)Niz1 -+ are precisely
those in G’. Furthermore, if there is an atom A € G’ such that (11 U, ©) € D4, then there exists
j > i: (q5,Dj,k;) = A. By condition 3 of Def. 5.14 we have that there exists n > j such that
(2, An—10---0X; 00O [ 1)) € D,,. But then (gn, Dy, k) € G’, hence G’ is self-fulfilling. O

Proposition 5.19. Let G’ C Gy (¢) be self-fulfilling SCS such that

e there exists a fulfilling prefix of G’ starting at an initial atom A with (¢,0) € D4 such that
I(qa) = 6;
o forall F e Fy:Fn{qp|BeG}+#wo;

Then there exists a path 7 in Gy () that fulfils ¢ and such that Inf(r) = G'.

Proof. Satisfaction of an until-valuation. In a (finite or infinite) transition sequence through
G (9), say Ao — 5 A1 =, *+, we call an until-valuation v = (1 U)o, ©) € D4, satisfied at A; (or
just satisfied) if (g, Ni—10---0Xg0©O [ 1)) € Da,.

Observation. Due to the properties of atoms and of transitions in Gy (¢), if v is not satisfied at
any A; with j <4, then it follows that (1)1 Uta, Ai_10---0Xg08) € Dy,.

By the properties assumed for G (@), there exists a sequence w1 = Ao -+ - Am—1Am, such that
A=Ay, Ai—,, Ait1 for all 0 <i <m, and A, = B is a node of G'. Furthermore, starting from B
it is possible to construct a finite transition sequence

B=By—, Bi—, =, B

1z Mi—1

in which all (¢ Uto,0) € Dp are satisfied, in the above sense. The existence of such a transi-
tion sequence can be proved by contradiction: suppose that the minimal number of until-valuations
(1 Ut2,©) € Dp that remain unsatisfied in any finite fragment starting at By is u (> 0); take an
optimal transition sequence that leaves u until-valuations unsatisfied, and let (11 U1y, 0) € Dp be
one of the unsatisfied ones. As observed above, it follows that v/ = (¢1 U)o, j—10---0opugo®) € Dp,.
However, due to the fact that G’ is self-fulfilling, there is a transition sequence
Bi—’m Ee S B,

that satisfies v/, i.e., such that (Y9, ty—10---0pu;0---0pgo® 1) € Dp . But then the combined
sequence starting at By and going through B; to B, leaves at most u — 1 until-valuations of By
unsatisfied; contradiction.

We extend this finite transition sequence to a cycle mo = BgAgBiA1 -+ An_1Bn, with B,, = By,
that visits all nodes of G’ (note that my exists because G’ is strongly connected).

Let m = my - 4. We show that 7 is an allocational path. Since (by assumption) (¢, ®) € D 4 such
that I7¢(ga) = © it then follows (by Prop. 5.15) that  fulfils ¢. Since clearly Inf(7) = G’ we are then
done.

For this purpose we show that the conditions of Def. 5.14 hold.
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1. Let p = qoAog1A1 -+ be the underlying run of m. Note that for all i < n and for all £ € N|
Gm+it+n+k = 4B, We show that p is a run of H.
qo € dom([3) is guaranteed by assumption on A; furthermore, ¢; —, gi+1 by construction of
the graph Gy(¢). Finally, take an arbitrary F' € Fp,. By the assumption in the proposition, we
have that ¢qg € F for some B € G’; hence B = B; for some ¢ < n. Since then ¢4itk+n = 4B
for all k € N, ¢gp is visited infinitely often by p.

2. By construction of 7.

3. Assume v = (¢p1 U1, 0) is in one of the atoms in m. We have to show that v is satisfied
somewhere during the sequence. We distinguish three cases:

o If v € Dy, for i < m then either (o, \j_10---0X;00 [ 1) € Dy, for some i < j < m,
or (Y1 Ute, App—10---0X;00) € Dp,. The latter case is dealt with below.

o If v € Dp, for 0 < i < n, then either (¢, A\j_10---0X;00 [43) € Dp, for some i < j < n,
or (1 Utg, Ap_10---0X;00) € Dp,. The latter case is dealt with below.

e Otherwise, v € Dp,. Due to the construction of 7, v is satisfied in one of the B; (0 < i < n).

O

Theorem 5.20. For any HABA H and formula ¢, it is decidable whether or not ¢ is H-satisfiable.

Proof. By Propositions 5.15 and 5.16, in order to prove that ¢ is H-satisfiable, it is necessary and
sufficient to search in the graph G (¢) for a fulfilling path 7. By Propositions 5.19, it is necessary and
sufficient to check only for a self-fulfilling SCS that has a fulfilling prefix whose initial atom (qo, Do, ko)
contains (¢, ©) for some © such that © = I(go) and has a non-empty intersection with every set of
final states. Since SCS are finite objects and there are only a finite number of them, this search can
be effective and exhaustive. O
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