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Abstract. We present a semantics for the Alternating-time Temporal Logic (ATL) with imper-
fect information, in which the participants in a coalition choose their strategies such that each
agent’s choice is the same in all states that form the common knowledge for the coaltion. We
show that ATL with this semantics has an undecidable model-checking problem if the semantics
is also synchronous and the agents have perfect recall.

1 Introduction

Alternating-time Temporal Logic (AT L) (Alur et al., 1998, 2002) is a modal logic that gener-
alizes C'T'L. It is defined over concurrent game structures with one or more players. A formula
(A)¢ in ATL expresses that a coalition A of agents can cooperate to ensure that the formula
¢ holds.

Different semantics have been given for the cooperation modalities, depending on whether
the knowledge that each agent has of the current state of the game is complete or not (i.e.
semantics with complete, resp. incomplete information), whether agents can use knowledge
of the past game states when deciding on their next move (i.e. semantics based on perfect,
resp. imperfect recall), and whether the agents in the coaltion are aware of their possibility to
enforce their goal, or they must be told so — i.e. de re vs. de dicto semantics (Jamroga and
van der Hoek, 2004). Other variants of the semantics of ATL are studied in e.g. (Schobbens,
2004; Jamroga and Agotnes, 2007), see also (Bulling et al., 2010) for a recent survey on the
topic.

In this paper we study a variation of the semantics for AT L, in which agents in coalitions
choose their strategies based on the common knowledge, available inside the coalition, of
the system history. More precisely, when an agent chooses her next move, she uses not only
the information she observes of the system history, but also the knowledge she has about
the knowledge of the other agents in the coalition, and the knowledge she has about the
knowledge the other agents have about their knowledge, etc. This is a variation of the AT L;r
logic studied in (Schobbens, 2004), see also (Jamroga and van der Hoek, 2004; Bulling et al.,
2010). However, in our semantics, all the agents in a coalition utilize the same information
about the system state : the common knowledge, for that coalition, of the system state. This
is where our semantics differs from the one in (Schobbens, 2004; Jamroga and van der Hoek,
2004; Bulling et al., 2010), where the information which is used by each agent in a coalition
depends only on her individual knowledge of the system state, and thus might be different for
two distinct agents in the same coalition. Our semantics is therefore closer to the one studied
in (Dima et al., 2010), where the strategies used by the agents of a coalition are based on the
distributed knowledge inside the coalition.

Group strategies based on common knowledge have the following property: after the strat-
egy is fixed and shared between the agents in the coalition, at each subsequent time instant,



each agent knows exactly what is the sequence of actions that any other agent in the coalition
has issued upto that instant. This means that if, e.g., for trust purposes, agent Alice wants
to check whether agent Bob in the same coalition has applied the appropriate sequence of
actions that he was supposed to, and this is checked by e.g. verifying Bob’s log, the access
that Alice gets to Bob’s log does not give her any extra information about Bob’s local state
at any moment, besides the information that Alice already had when the coalition was cre-
ated and the joint strategy was fixed. If strategies based on individual knowledge were used
within coalitions, then such a scenario would lead to information leak since e.g. when Alice
gets informed about the actual sequence of actions taken by Bob, she might deduce some
information about Bob’s initial local state, since Bob’s strategy might differ when applied in
distinct states that are identically observed by Alice.

In this paper we only concentrate on the simplest setting of AT L with strategies based
on common knowledge and do not model the trust part of the above scenario. The main
result of our paper is that, for AT L with common-knowledge strategies, the model-checking
problem is undecidable. Our proof is an adaptation of (van der Meyden, 1998; Shilov and
Garanina, 2002), where it is shown that the model checking problem is undecidable for CT'L
with common knowledge, with a synchronous and perfect recall semantics, see also (van der
Meyden and Shilov, 1999). Note that the results from the cited papers cannot be used directly
since the common knowledge operator cannot be expressed in ATL with our semantics. The
only connection is the following: for systems in which agents have a single choice in each state,
(A) O ¢ is equivalent with C'4 O ¢, where Cy is the common knowledge operator for the group
A.

The rest of the paper is organized as follows: in the next section we recall the game
arenas framework for interpreting AT L, and present the three variants of group strategies
that can be used for interpretion the coalition operators: individual strategies, strategies
based on distributed knowledge, and strategies based on common knowledge, and we give the
relationship between the three types of strategies. In the third section we recall the semantics
of AT L and introduce the new semantics based on group strategies with common knowledge.
The fourth section contains our undecidability proof. We end with a section with conclusions.

2 Background

In this section we give some basic definitions and fix some notations. We recall here the
notations for game arenas with emphasis on the equivalence relations. We present the three
types of strategies: group strategies based on individual knowledge, group strategies based
on distributed knowledge, and groupe strategies based on common knowledge, and give the
relationship between them.

Definition 1. A game arena I' = (Ag,Q, (Qq)aeag, Qe; (Ca)acag, 0, A, Qo) is a tuple where

— Ag is a finite set whose elements are called agents; subsets A € Ag are called coalitions.

— Qg 18 a finite set of local states for agent a, and Q. is a finite set of environment states.

- Q= XaeAg Qa % Q. is the set of global states.

— C, is a finite set of actions available to agent a. We denote by C4 the set of actions
available for the coalition A, Ca = X , 4,Ca, and C =Cag.

— 0<SQxCxQ is the transition relation.

— Qo € Q is the set of initial states.



— IT is the set of atomic propositions and X : Q — 2T is the state-labeling function, associ-
ating with each state q € Q) the set of atomic propositions which hold in q.

We write ¢ 5 q' for a transition (q,c,q") € §. Also, given a global state ¢, we denote q|a its
a-component and call it the a-projection of q.

A run p is a (finite or infinite) sequence of transitions agreeing on intermediate states, i.e.
ci

o
p=(gi1— qz’)lsign with neNor p=(gi-1 = @),
the number of its transitions, 7, in the case of finite runs, or oo for infinite runs. A run p is
iniatialized if qg € Q.

We denote by Runs/(I") the set of finite initialized runs and by Runs“(I") the set of
infinite initialized runs of I'. When the game arena is understood from the context, we only
use the notations Runs/, resp. Runs®. p [7] denotes the state on i-th position in the run p,
and p[0--i] denotes the prefix of p of length i, for all 4, 0 < i < |p|. Note that, if p € Runsf (I")
or p € Runs®(I"), then we have p[0---i] € Runs/ (I"), for all 4, 0 <i < ).

Two states are observationally equivalent for agent a if the same atomic propositions
observable by agent a have the same truth values in both states. Denote this relation for
states ~q, ~¢S @ x Q. Thus, formally,

. The length of a run p, denoted |p|, is

q~aq iff g, = q', (1)

We extend the relation ~, for finite runs in the following way: given two runs of equal length,
Il = 1p'],
p ~aq piff pli] ~q p'[i] for all 1 <i < |p|. (2)

The distributed knowledge equivalence relation is an extension of this relation to coalitions
that are “willing to exchange” information about their local states. On states, the distributed
knowledge relation inside the set of agents (coalition) A is defined as follows:

g~aq iff g~gq forall ac A.

This relation is then extended straightforwardly on runs as follows: given two runs of equal
length, |p| = '],
p~ap iff p[i] ~a p'[i] for all 1<i<]|p).
The common knowledge equivalence relation on states is a different extension of the ob-
servability reltions ~, to coalitions in which agents are “not willing to share” the information

about their local state with the other agents in the coalition. This relation is denoted by ~g
and is formally defined as follows:

~= (U~ )" (3)
acA

Note that when card(Q/ ~3) = card(Q) for all coalitions A € Ag, the system is equivalent
to a system with complete information.
~g can be extended on runs in the following way:

p~S p'iff IneNs.t. 3pg, p1, -+ pn € Runs® and Jay, - apn € A
s.t. p= 0,0 = Py Pi ~ai Pin1, YOS <n. (4)



Definition 2 ((Dima et al., 2010)). A strategy with distributed knowledge (or dk-
strategy for short) for a set of agents (coalition) A is any mapping o : (Q/ ~A )* — Cy4.
An individual strategy for an agent a is a strategy for the set of agents {a}.

We write Y (A, ') for the set of all strategies of coalition A in game arena I'. Given
a dk-strategy o € Xg(A,I"), we define the projection on agent a € A of o as the mapping
ol (Q/ ~A )* - C, with o (a) = o(a)|, for all ae (Q/ ~A )*.

Furthermore, X;,4( A, I") denotes the set of tuples of individual strategies for agents in A,
ie.

Zmd(A7F) = {(Ua)aEA | Oq € de({a}7r)}
In the sequel the term ind-strategy for a coalition A denotes a tuple of individual strategies,
one for each agent in A. In an ind-strategy, each agent plans his future actions based solely on
his information about the system state, without any other interaction with the other agents
or reference to the knowledge the other agents have about the current state.

Note that in a strategy with distributed knowledge for a coalition with at least two agents,
the agents’ actions depend on the common observations of all agents in the coalition. There-
fore, implementing such strategies requires some type of communication between agents. One
of the suggested communication patterns in (Dima et al., 2010) is the use of an “arbiter” that
gathers the information about the local states of each agent in the coalition, and then issues
to each agent its action according to the dk-strategy under play. The more classical notion of
coalition in e.g. (Jamroga and van der Hoek, 2004; Bulling et al., 2010) is to consider that a
coalition acts together simply when each agent in the coalition follows an individual strategy
for his play.

Definition 3. A strategy with common knowledge (or ck-strategy for short) for a set
of agents A is a mapping o : (Q/ ~A(f )* - Cy.

We write Y., (A, I') for the set of all strategies of coalition A in game arena I

A ck-strategy maps each history of common knowledge observations for coalition A to a
tuple of actions for the given coalition. The intuition is that each agent chooses the same
action for histories (i.e. sequences of observations) that might be different according to their
individual knowledge, but are considered identical w.r.t. the common knowledge of the group
A.

Similarly with the case of dk-strategies, we define the projection on agent a € A of a
ck-strategy o € Xep(A,I") as the mapping o : (Q/~§ )yr - C, with o] (o) = o()|, for all
ac(@/5)"

A dk-strategy o is compatible with a Tun p = (¢; — ;41 )ss0 if for all 4 < lpl,

a(p[0-+i].,) = cir1|a-
Similarly, a ck-strategy o is compatible with p if for all i < |p|,
o (p[0-+i].c) = cirila-

Remark 1. In many practical situations, it is more convenient to define the local states of the
agents by means of some subsets of atomic propositions Il, € II which are assumed to be
observable to agent a, subsets might not be pairwise disjoint. In this framework, the labeling
of any two global states ¢,q" whose a-projection is the same, i.e. q|a = q'|a, has the property
that A(q) nI1, = A(q") n II,. Then, for each global state ¢, we identify, by abuse of notation,
the local state of a in ¢ (i.e. g|,) with A(¢) N I,.



For a given set of agents A € Ag, we denote IT4 = Ugea I1,. We also denote Ay : Q —> 2114
the function defined by Aa(q) = A(¢) n IT4, and, by abuse of notation, we write \, for Aa}-
Note also that, within this framework, a dk-strategy is a mapping o : (2174)* — Cy.

We will utilize this variant of game arenas in the third section of this work.

The following resuls follows directly from the definitions:

Proposition 1. The following strict inclusions hold:

Eck(Avp) & Eznd(A7F) ¢ de(A7F)

3 Syntax and Semantics of ATL and ATLY”

We recall here the syntax of AT'L, and present the three variants of its semantics, correspond-
ing to the utilization of ind-strategies, dk-strategies or ck-strategies for interpreting coalition
operators.

The syntax of ATL is defined by the following grammar:

pu=p | ¢nd | =d | (A)Oo | (AhoUo | (A)oWo

where p e I and A ¢ Ag.

Formulas of the type (A)¢ read as “coalition A can enforce ¢”. The operator (-)) is a path
quantifier and O(“next”), U(“until”), W(“weak until”) are temporal operators.

The usual derived operators can be obtained as follows:

(A)og=(A)eW false (A) O d = (A)trueld ¢
[Alo¢=-(A) O -¢ [A] O ¢ =-(A)D-¢

Formulas of the type [A]¢ reads as “coalition A cannot avoid” ¢.

ATL is interpreted over concurrent game structures. Three different interpretations can
be given, according to the possibility given to coalitions to utilize ind-strategies, dk-strategies
or ck-strategies. We denote E;,4, Eqr and . the three variants of semantics.

Formally, given a game structure I', an infinite run p € Runs*(I"), a point i € N, we put:

— (I, p,i) Eq p if pe A(p[t]) for any « € {ind,ck,dk}.

— (I pyi) Eq &1 A2 i (I p,i) Eq 1 and (I, p,i) =4 ¢2, again for any « € {ind, ck, dk}.

— (I p,i) Eq =@ if (I, p,i) ¥q &, for any « € {ind, ck,dk}.

— (Ip,i)  Eina (A) O ¢ if there exists o €  Xq(A,I') such that
(I, p',i+1) Eq ¢ for all runs p’ which are compatible with o and satisfy p[0---i] = p[0---];

— (I, p,1) Eing (A)d1U @2 if there exists o € Xy,q(A, I') such that for all runs p’ which are
compatible with o and satisfy p'[0-+i] = p[0--+i] there exists j > i such that (I, p’, j) Eing d2
and (I, p', k) Eing @1, for all ki <k <j-1;

— (I, p,1) Eing (A)d1 W ¢ if there exists o € X;,4(A, I') such that for all runs p’ which are
compatible with o and satisfy p'[0--+i] = p[0--+i] there exists j > i such that (I, p’, j) Eing d2
and (I, p', k) Eing @1, for all ki <k <j—1,0r (I,p',]) Eing ¢1, for all jeN,j>1i.

For the case of ., the semantics of the coalition operators must be rewritten as follows:

- (I,p,i)  Ea (A) O ¢ if there exists o €  Yi(A,I') such that
(I, p',i+1) Eex ¢ for all runs p’ which are compatible with o and satisfy p'[0---i] ~4 p[0--+];



— (I, p,i) Eek (A)d1U po if there exists o € X (A, I') such that for all runs p’ which are
compatible with o and satisfy p’[0--i] ~4 p[0--+i] there exists j > i such that (I, p’, j) Eck ¢2
and (I, p', k) Eck ¢1, for all ki <k <j-1;

— (I, p,i) Eei (A)d1 W ¢y if there exists o € X (A, ') such that for all runs p’ which are
compatible with o and satisfy p'[0--+i] ~§ p[0-+i] there exists j > i such that (I, p, ) Ecx P2
and (I, p', k) Ecr ¢1, for all ki <k <j—1,0r (I,p',]) Eek @1, for all j e N, j > .

Finally, the Eg4; semantics is defined similarly with £, with the difference that all ref-
erences to ~g are replaced with references to ~4, and each quantification over strategies is
restricted to elements from Y. (A, I').

We say that a formula ¢ is satisfied in the game arena I', written I" =, ¢, if (I, p,0) Eq ¢
for all p € Runs“(I').

We note that the usual notation AT L denotes the logic in which the semantics is given by
Eind- Also, in (Dima et al., 2010), AT Lgns denotes the logic in which the semantics is given by
Fak- This is a modification the AT'L logic with operators of the type (A} p(4) from (Jamroga
and van der Hoek, 2004), by ensuring that strategies are not only feasible when the coalition
is created, but also during the whole existence of the coalition. A similar relationship can be
observed between the semantics & and the operators of the type {(A)c(4) from (Jamroga
and van der Hoek, 2004).

In the balance of the paper, ATLIg ® denotes the logic whose semantics is given by E.

4 Undecidability of the model-checking problem for AT LY

In this section we present our undecidability result for the model checking problem in ATL’g *
The problem statement is the following:

Problem 1. (The Model Checking Problem for ATLY,” ) Given a game arena I" and an ATLy,®
formula ¢, decide whether I" =, ¢.

Theorem 1. The model checking problem for ATLgS 1s undecidable.

Proof. We reduce the Halting problem for Turing machines that start with an empty tape to
the model checking problem for ATL’g ®. The proof is structured as follows: first we present
how to encode a Turing machine into a game arena, second we explain how the transitions
are simulated in the model and then we prove the correctness of the theorem statement.

W.l.o.g. we restrict the halting problem to Turing machines satisfying the following prop-
erties:

they never write a blank symbol;

they have a single initial state, denoted qg;

during a computation the machines never return to the initial state qo;

they halt when they reach a final state, i.e. there are no transitions leaving a final state.

W=

The construction is similar to (van der Meyden, 1998; Shilov and Garanina, 2002), see
also (van der Meyden and Shilov, 1999). In (van der Meyden, 1998) asynchrony is used to
“guess” the amount of space required by the computation. Instead of asynchrony, we shall
use temporal operators to describe an arbitrary long but finite computation.

Intuitively, we encode the configurations of the Turing machine and the transitions between
the configurations as runs in the game arena. The runs consist of states which encode the



contents of the tape cells and the positions of the R/W head. Some extra bits of information
are needed, like the fact that some state represents a cell which is at the left (or the right)
of the head position, or that some states represent the transition which is applied on a tape
cell, encoding both the previous and/or the next tape symbol for that transition, and the
direction where the head moves after taking the transision.

Also some states represent the left and right limit of the tape space. We use a special
state marking the right limit as a guess of the amount of space that is needed for simulating
a Turing machine which halts when starting with an empty tape.

The transitions between configurations of the Turing machine are also encoded as runs
in the game arena. Then, the observability relations of one agent in the arena is utilized
for connecting a run encoding a configuration with a run encoding a transition between
configurations, which is then connected with the run encoding the next configuration with
the aid of the observability relation of the second agent.

Finally, checking that the constructed game arena can simulate a halting run of the given
Turing machine is done by checking the satisfiability of a reachability formula, saying that the
two agents in the game cannot avoid (in the sense of choosing some strategy with common
knowledge which applies to any identically observable history) the situation in which the
game reaches some state which signals that the Turing machine halts.

Formally, for a Turing machine M = (QM,FM,B,EM,éM,qO,FM> we construct a game
arena denoted I' = (Ag,Q, (Qq)aeag, (Ca)acag; 0, A, Qo) for two agents, in which the set of
global states is:

Q=xMeus My Moy TM {3y (5M x QM)
U(ZM x QM x XM x {left,right} x {prev, next}) (5)
U{€L, €R, €L, €R+ €L, €R} -

(The local states will be defined by identifying which sets of the atomic propositions that can
be seen by each agent, as in Remark 1 above.)

The sets of states XM, *XM  ¥Me and *XM are four copies of the set of states of
M. The states in XM® = {s‘ |se Mg+ 6} correspond to the symbols preceding the head.
The states in *XM = {'s | se XM } correspond to the symbols that follow the head. The
blank symbol can never appear on the tape segment at the left of the head since we have
only Turing machines that do not write blank symbols. We shall call the states in XM¢ =
{s°|se XM s% B} and *XM = {5*| s e XM} overlined states. We shall use them to encode

final configurations. The state 3 is used to enforce the system to have an initial configuration.
In a run this state will always follow the state (f3,qo), where go is the initial state. We use
the tuples in (ZM x QM x M x {left,right} x {prev,next}) to encode transitions of the
Turing machine. The labels left, right indicate whether the head will move to the left or,
respectively, to the right, and the labels prev and next mark the previous position of the
head, respectively the next position where the head is moving.

The symbols in the last line of (5) represent delimiters in order to assure that the machine
does not move its head off the “guessed” space. In a run, the state e will encode the left
margin of the tape and the state eg, the right margin. Likewise, €7, €g and €7, €g are delimiters
corresponding to the initial and, respectively, to the final configuration.

The set of initial states is Qo = {€r,€r,€r,} and the set of actions consists of a singleton
set C1 =Cy =C ={act}.

The transition relation is given by the following rules:




— Transitions that encode a sequence of symbols on the machine’s tape are the following:

for all 5,5" € IM s* 2L gt cg 25 2 e e 2% Bes, 5 2L 5t es, v 2L v e,
B 5 Bed.

— A state in the set M x QM is preceded by the states in £M* and followed by states
in *X™: this is modeled by the following transitions: for all s,s’,s” € XM s g, for all
qe QYN (FMu{q)}), s ——>( ',q) €4, and (s',q) — ot esll ¢ 5.

— The same rule applies for the final configuration: for all s,s" € XM s # 3, for all qr € FM.
— act /

s* = (s',q7) €6, (5, qf> L)

— In a run encoding a transition we mark the position where the head was and the position

where the head is moving. If the head moves to left then for all symbols s, s’, s, sp, € M

and for all states gy, ¢, € Q™ \ (FM U {qo}) for which (,,qn, L) € 6 (s, ) holds, s* %
(Snsqn,left,next) €, (Sn,qn,left, next) act, (sp,aqp,left,prev) €6, (sp, qp,left, prev) act,

s'€d,

— When the head moves to right we have s* o, (8p,qp,Tight,prev) €4, (sp, qp, ight, prev) o,
(Sns qn,right,next) € 6, (sy, qn, right, next) 2 e sl ¢ § for all symbols s, s', s, sy, € XM and
for all states gy, g, € QM ~ (FM U {qo}) for which (sp,qn, R) € 6 (sp,qp) holds.

— No transition leading to the initial state is permitted. Instead, from the initial state we can
pass into any other symbol: ef, ot 50 e 0, €5, o, (s,q) € 6. In a run encoding a transition
the next state will be the leftmost encoding the transition. e, o, (s,q,might,prev) € 6,

€L o, (s,q,left,next) €.

— A dual situation holds for the final state, eg: for all symbols s € X and for all states

geQM. *s act, €r €9, (s,q) act, €r €9, (s,q,right,next) act, €r €9, (s,q,left,prev) act,

€ER € d.

— The same rules apply for the runs encoding the final configuration. In this situation the
head must be on a final state: € 2 e 0, €L o, (8, qf> e 8, for all symbols s € XM s+
and for all final states gy € FM.

—at

— *s——€ER €9, <S,qf) o, er €0, for all s e XM and for all qr € FM.
— In the initial run the head is on the first position and encodes the initial configuration,

the empty tape. €}, ot (8,q0) € 6. In order to force the game arena to encode the initial

configuration we distinguish between 8 and 3. 3 will only follow an initial state. (5,q0) o,
Ges, 2% Bes, B2 e e o
— Once the final state is reached it is never left. ep 2 R, €R adt, €R, €R adt, €R;
— Finally, nothing else belongs to J.
The set of atomic propositions is
IT = {p1,p2,p3} U {ps} U{Ps1,0g1. 052,092 | s€ ZM qeQ}.
The valuation function is defined by the following rules:
pIE)\l(gj) n EA2($) for allxe{67<ﬁ7qéw> 6176}3} (6)
p2 € AM1(x),p2 € Aa(x) for all x € {s‘ *s,(s,q),€0,€r | s € M g QM} (7)

p3 € M(€r),p1 € A2(€R) (8)



Propositions p1,po,p3 € Il are interpreted to false in any other state.
The extra propositions are used for clarifying the observability relation for each agent,
namely, for all s € XM and ¢ e QM:

— ps1 € Ai(s), for all
Ce {s',?,'S,G, (s,q) | qe QM}
u{(s,q,left,next) |s',s" e XM ¢ e QM (s",q,L) € 5M(s',q')}
u {(s,q,rz'ght,ne:nt) |s',s" e M ¢' e QM (5", q,R) € 5M(s',q')}
U {(s,q,rz'ght,prev) |s'e M ¢" e QM (s',¢',R) € 5M(S,q)}
u{(s,q,left,prev) |s'e M ¢ e QM (s',¢',L) € 5M(S,q)};
— Ppg1 € Ai(s), for all
Se€ {(s,q)|seZ’M}
u {(s,q,right,prev) |s'e XM ¢" e QM (s',¢',R) € (5M(s,q)}
u{(s,q,left,prev) |s"e XM ¢ e QM (s',q',L) € (5M(s,q)};
— Pps2 € A2(s), for all
Ce {s',?,'S,G, (s,q) | qe QM}
u {(s',q’,left,prev) lqeQM, (s,q,L) ¢ 5M(8’,q')}
u {(s', q',right,prev) | g€ QM, (s,q,R) € M (&', q’)}
u {(s,q,right,ne:nt) |s"e ZM ¢" e QM (s,q,R) € 5M(s',q')}
u {(s,q,left,nemt) |s' e M ¢' e QM (s,q,L) € 5M(s',q')} :
— Pg2 € A2(s), for all
se{(s,q)|se XM}
U {(s,q,rz’ght,neazt) |s"e XM ¢ e QM (s,q,R) € 5M(s',q')}
u{(s,q,left,next) |s'e XM ¢ e QM (s,q,L) € 5M(s’,q')};
— pp e Mi(B) N \i(B) for both i =1,2.

As above, the extra propositions are interpreted as false in any other state.

Figures 1, 2 and 3 offer a graphical representation of the encoding of a Turing machine.
In Figure 1 we represent the part of the game arena accepting runs which encode the initial
configuration. The automaton in Figure 2 accepts runs which encode intermediate configura-
tions and, respectively, in Figure 3, final configurations. Any run p € Runs/ (I") U Runs®(I")
is uniquely accepted by one of the three parts of the game arena.

start —{ €z @ \\%/ @D

p1 p1 p1 P1 P3

Fig. 1. The initial configuration

Next we describe the way configurations of the Turing machine are encoded as runs in
the game arena. We denote a configuration of the Turing machine as a word over the alpha-
bet ZM U (M x QM) where a character of XM x QM appears only once. Hence the set of
configurations is (XM < {B})* - (DM x QM) - (XM)*).

In the game arena we have two types of run: runs that encode configurations and the runs
that encode transitions.



(s,q,right, prev) (s,q,right, next)

Fig. 2. An intermediate configuration (only the states corresponding with two symbols from XM are repre-
sented here)

Fig. 3. The final configuration

A configuration c¢nfg = $1-8i-1 (8i,q) Si+1-sp, is  encoded by a run
p=e€rsysi_1(8i,q) *si+1--°sp " er. There are infinitely many runs that encode one configura-
tion, in this case, all runs that start with the state sequence er,s3-+-s7_1 (i, q) *Si+1°Siva-*sn 8™ €R.
An initial configuration is encoded by all runs that start with €z, (3, o) B™€R. Respectively, a
final configuration enfgy = s1-+-s-1 (sk, qf) Sks+1°+Spn 1s encoded by all the runs starting with

the overlined state sequence ES_;"'8;71 (Sk,q) *Skr1-*Sn"ER, for m e N, m # co.
The other type of run that may occur in I" encodes transitions. For two configurations
enfg = s1-8k-1(Sk;q) Sk+18k+2'+Sn and
!/ !/ /
enfg' = s1sp-18'k (Ska1,q') Skr2rsn

connected by a transition in which the R/W head of the Turing machine goes right, that is,
(534", R) € M (51, q) for some s, € QM. ¢ € XM the transition coding run associated to the



transition enfg + cnfg’ is the following run in I:
ELSE”'S;—I <Sk, q, m’ght,prev) <Sk+17 qlv Tlghtv next)' Sk+2"'.sn€R-

Similarly, when enfg’ = s1+8g-2 (Sk-1,q") $}.5k+1-8n and 3s}, ¢’ for (s}, q', L) € ™ (s, q),
the transition coding run for the transition cnfg+ cnfg’ is defined as follows:

ELSI"'SI.Q—2 <Sk—17 q,7 left7 nemt) <Sk, q, l€ft,p7"€U>. sk+l"'.sn€R

Before showing the proof for correctness we give some helpful properties of the system
presented above.
Considering the valuation function, the following properties hold in our model:

Proposition 2. If p1 and pa are two runs in the game arena I', then p1 ~1 pa iff p1 = p2 or
p1 encodes a configuration cnfg and ps encodes a transition coding run cnfg v+ cnfg'.

Proof. The implication from right to left follows directly from the notation of transition coding
runs and the definition of the labeling function A;. In order to prove the implication from left
to right, we shall verify whether we have another run different from the mentioned ones, ~;
equivalent with p;.

Consider py = ers}+st_ 1 (Si,qp)°" Si+1-*sner and py = xpx1--zpxR. Consider (s),qn,L) €
oM (si,qp). The case when the head moves to right is similar. Suppose that p; ~1 p2, p1 # p2
and p; encodes a configuration cnfg; and there is no configuration cnfgs in the Turing
machine M such that ps = (cnfg; - enfge).

We consider only initialized runs, thus the initial state z; € {€r, €z, € }. Since a run contains
€1, followed by (3, qo) and €z followed by (s,qf>, we have zj, = er. Following the same idea,
we observe that xr = eg for a finite configuration. Using the definition of A\; and A9 and the

fact that (s;,¢’,left, next) 2, ¢ if and only if = (sj41,¢", left, prev), it follows that for all
J,1<j <i—-2 we have z; = s7. Hence we have z; = s} for j,i+1<j<n.

Furthermore, we have that Ai(s?;) = {ps,,} = M(s) only for s e {s s},
‘si_l,m} u {(si_l,q,left,nea:t) |s',s" e XM ¢ e QM st. (s”,q,L) € 5M(s',q')}
u {(si_l,q,right,neazt) |s',s" e XM ¢ e QM s.t. (s”,q,R) e M (s, q’)}. We can eliminate the
overlined states because an overlined state follows only another overlined state or a state con-
taining qy, qy € FM_ We also eliminate the states of the type (8i-1,q,right,next) because
this states follow only (s’, ¢, right, prev), for s’,s" ¢ IM ¢ e QM , (5", q,R) € ™M (s,¢"). Now,
since only

s34 ot (siyq) and (s;_1,¢’,left,next) o, (si,q,left,prev) belong to §, we have either
zi1 = sty and m; = (84,q), or x_1 = (si-1,4¢’,left,next) and z; = (s;,q,left, prev).

Because none of the observationally equivalent states can form a correct initialized run, we
have proved that p; ~1 po implies p; = po or p; encodes a configuration cnfg and py encodes
a transition coding run enfg+ enfg'. |

Proposition 3. If p1 and ps are two runs in the game arena I', then pi ~2 ps iff p1 = p2 or
p1 encodes a configuration cnfg and ps encodes a transition coding run cnfg’ +~ cnfg.

Proof. The proof is similar to the one used for Proposition 2. m]

Putting together Proposition 2 and Proposition 3 we obtain the following property:



Proposition 4. For each computation in the Turing machine M, cnfg =3, enfg’, where
enfg and enfg’ are instantaneous configurations of M, iff there exist p,p’ Tuns in the game
arena I' that encode enfg and, respectively, enfg’, such that |p| = |p’| and p ~?1’2} 0.

Proof. The proof is constructed by following a series of equivalences. In the Turing machine
M having the computation cnfg =}, cnfg' means that there exist a natural number m, the
length of the computation, and m configurations denoted cnfgg,cnfgi,- -, enfgm such that
enfg = enfgo =m enfgr =m - =m enfgm = enfg’. We write this ecnfgy =5, cnfgm =
(enfgi = enfgis1)ocism-1-

From Proposition 2 and Proposition 3 it follows that for two instantaneous configurations
of the Turing machine M, cnfg; and cnfg;+1, we have enfg;, = cnfg;q iff there exist
Pi, Pi+1 two runs that encode cn fg; and, respectively, cnfg;+1 in the game arena I" such that
|pi| = |pis1] > lenfgs] and p; ~1 (enfg; F enfgiv1) ~2 pis1, for all ¢ natural numbers. By fixing
the length of the runs and configurations to the “guessed” value or the length of cnfg’ we
can write that (p; ~1 (cnfgi = enfgiv1) ~2 Pi+1)ocicm-1- According to our definition of A\; and
Ao, we have now p; ~Cl’2 Pm- o

Note that the reflexive transitive closure of =, leads to the complete proof. Hence,

enfg =i, enfg iff |p| = |p'] and p ~{; 5y 0" =

We now turn to the proof of the theorem. We prove in the rest of this section that
(I, p,0) Eck [1,2] © (p1 Aps A[1,2] O pe) iff the the Turing machine M halts when starting
with the empty tape.

In order to prove the implication from left to right we state that starting with the empty
tape, machine M halts. This means that there exists n € N, there exists ¢ € N,1 <4 < n and
there exists a finite sequence of configurations cn fgg =3, enfgr, where enfgo = (3, qo) g 1is
an initial configuration,
enfgy = s18p-1 (sk,qf>sk+1---sn is a final configuration for some si,---, 551 € XM « {8}
and Sp41,-,5n € XM, 0 < k < n. Consider the length of the computation to be f, f € N. By
Proposition 4 we can also consider that in the game arena I there exists a finite sequence of
runs po, p1,, pf and po, p1,-++, py-1 such that

PO ~1 P0 ~2 P1~1 P1L~2 e~ Pyt ~2 pf and

po = €2 (B, po) B L€r encodes the initial configuration

pi = €LST Sy (87,4)" sj+1-+,° sper encodes the i-th configuration
enfg;, for all i,1 <4< f and for some j,1 < j < n.
pr=ers}st | (s1,q) *sii1-*sper, encodes the final configuration
(I, p0,7) Eek P15 (I po, 1) Eck p3, (I, pr,1) Fer p2, Vi,1<i<n.

We consider a game arena with a single action. Therefore there is only one corresponding
final run py, ~{Cl72} reachable from pg, and, furthermore, the proposition ps is visible in the
n-th state, of py. We therefore conclude that the ATLY,® formula [1,2] & (p1r ApsA[1,2]0p2)
holds in the game arena I'.

In order to prove the implication from right to left we show that for any run satisfying
the ATLY® formula (I, p,0) Eq [1,2] O (p1 Aps A [1,2] Op2), there exists an initial run
~€2—equivalent with p.



If (I,p,0) Eck [1,2] O (p1 Aps A[1,2] Op2) then in the game arena there exists p’ a run
and there exist n € N and 7 € N,1 <7 < n such that

p=¢L(B,q) B €r

!/ — e e — = —
P =€rsy st 1 (5i,q) *Sis1"Sn€R

This means that there exists k € N, a sequence of k runs pg, -, p such that p = pg ~¢, p1 ~as

/
P2 ~ay " Yaz PR =P

Following the Proposition 3 in the Turing machine M there exists a sequence of configu-
rations corresponding to the runs pp, p2:--pg such that

enfgo =nm enfgr = - =um cnfg.

where cnfgg is an initial configuration and

enfgr = s1-8i-1 <3i7Qf> Si+1°**Sn,

for some 4, is a final configuration.
Hence, the machine M halts when starting with an empty tape. O

5 Conclusion

We have presented a semantics for the coalition operators of AT L in which the agents utilize, in
their strategies, the same action in states that lie in the same common knowledge observability
for the coalition in which they participate. We have shown that the model checking problem
for is undecidable for ATL’g ®, a result inspired from the techniques used in (Fagin et al.,
2004; van der Meyden, 1998; van der Meyden and Shilov, 1999; Shilov and Garanina, 2002).

It would be interesting to investigate the possibility to generalize the decidability results
on model-checking temporal epistemic logics with common knowledge (van Benthem and
Pacuit, 2006; Lomuscio and Penczek, 2007) to the setting presented here.
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