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Abstract. We show that a history-based variant of alternating bisim-
ulation with imperfect information allows it to be related to a variant
of Alternating-time Temporal Logic (ATL) with imperfect information
by a full Hennessy-Milner theorem. The variant of ATL we consider has
a common knowledge semantics, which requires that the uniform strat-
egy available for a coalition to accomplish some goal must be common
knowledge inside the coalition, while other semantic variants of ATL with
imperfect information do not accomodate a Hennessy-Milner theorem.
We also show that the existence of a history-based alternating bisimu-
lation between two finite Concurrent Game Structures with imperfect
information (iCGS) is undecidable.

1 Introduction

Alternating-time Temporal Logic (ATL) [3] is a powerful logic for specifying
strategic abilities of individual agents and coalitions in multi-agent game struc-
tures. Crucially, ATL has been extended to games of imperfect information [17]
with various flavors related to the agents’ knowledge of the existence of strate-
gies for accomplishing the coalition’s goals [2, 8, 9]. In this contribution, we focus
on the common knowledge (ck) interpretation of ATL under imperfect informa-
tion, which was first put forward in [17], along with its objective and subjective
interpretations. However, differently from the latter, to the best of our knowl-
edge, the ck interpretation has nowhere else been considered in the literature.
Nonetheless, the ck interpretation allows us to prove a Hennessy-Milner theorem
for ATL under imperfect information for the memoryful notion of bisimulation
we introduce in this paper. This result is in marked contrast with the situation
for the other interpretations, which do not enjoy the Hennessy-Milner property
[16].

The literature on bisimulations for modal logics is extensive, an in-depth
survey of model equivalences for various temporal logics appears in [15]. The
landscape for logics of strategic abilities, including ATL, is comparatively more
sparse. A proof of the Hennessy-Milner property for ATL* with perfect infor-
mation was already given in the paper introducing alternating bisimulations
[4]. Since then, there have been numerous attempts to extend bisimulations to
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more expressive languages (including Strategy Logic recently [7]), as well as to
contexts of imperfect information [1,10,5]. In [10, 18] non-local model equiv-
alences for ATL with imperfect information have been put forward. However,
these works do not deal with the imperfect information/perfect recall setting
here considered, nor do they provide a local account of bisimulations. Further,
in [5] the authors consider a memoryless notion of bisimulation for ATL, un-
der imperfect information. Unfortunately, their definition does not allow for the
Hennessy-Milner property. We also note the results from [11] which show that
ATL with imperfect information is incompatible in expressive power when com-
pared with the modal-epistemic pu-calculus, contrary to what is known for the
perfect information case. The present contribution extends the notion of alter-
nating bisimulation to the setting of imperfect information and perfect recall so
that it satisfies the Hennessy-Milner property: two game structures are bisimilar
iff they satisfy the same formulas in ATL.

The classic proof for Hennessy-Milner type properties typically uses bisim-
ulation games played between SPOILER and DUPLICATOR. These bisimulation
games are turn-based, perfect information, safety games (in regards of DUPLICA-
TOR’s objective) played on a tree whose nodes are labeled with pairs of states (or
histories, in case of a memoryful semantics) of the two game structures checked
for bisimulation. Hence, such games are determined, and determinacy plays a
crucial role since, when there is no bisimulation between the two structures, the
bisimulation game cannot be won by DUPLICATOR, and hence SPOILER has a
winning strategy, which is then used for exhibiting a formula that is satisfied in
one structure but not in the other.

The extension of this proof technique to ATL with imperfect information
has to cope with the fact that any notion of bisimulation has to account for the
fact that coalitions have to choose action profiles in indistinguishable states in a
“uniform” way: agents that do not distinguish between two states must choose
the same actions in both. Uniformity entails a slightly more involved notion of
bisimulation which utilizes strategy simulators [5]. Then, any bisimulation game
has to encode these strategy simulators, in the sense that DUPLICATOR is given
the choice of a uniform strategy in some common-knowledge neighbourhood in
one of the game structures and the SPOILER has to reply with a uniform strategy
in the related common-knowledge neighbourhood of the other game structure.

The problem raised by this generalization is that positions in a bisimulation
game are normally labeled with histories, not common-knowledge neighbour-
hoods, as bisimulations relate the former, not the latter. So, we need both a
SPOILER and a DUPLICATOR who have imperfect information at each position
of the bisimulation game. On the other hand, as it is the case with bisimula-
tions for the perfect information case, for each choice of strategies in the two
structures, the outcomes of one strategy have to be related with the outcomes
of the other strategy. But this requires both SPOILER and DUPLICATOR to be
perfectly-informed!

The solution we propose is a 4-player bisimulation game played between
the SPOILER coalition {I-SPoIL, P-SPOIL} and the DUPLICATOR coalition {I-



DupL, P-DupL}, where both I-players have imperfect information, while both
P-players have perfect information. We show that such a game can be won by
the DUPLICATOR coalition if and only if there exists a bisimulation between the
two game structures.

Further, we provide a Gale-Stewart type determinacy theorem [14] for the
bisimulation game, showing that exactly one of the two coalitions has a winning
joint strategy. The key point is that, when DUPLICATOR does not have a winning
strategy, the strategic choices for I-SPOIL can be defined in a uniform way that
is only based on I-SPOIL’s observations. To the best of our knowledge, this is
the first example of a class of multi-player, imperfect information, zero-sum
(reachability) games played over infinite trees that are determined. Note that,
for technical reasons, our Hennessy-Milner theorem only holds for ATL with the
“yesterday” modality Y.

Moreover, we analyse the problem of checking the existence of a bisimulation
between two given game structures. We show that this problem is undecidable
in general by building on the undecidability of the model-checking problem for
ATL with imperfect information and perfect recall. More specifically, given a
Turing machine M, we build a game structure in which a two-agent coalition
has a strategy for avoiding an error state if and only if M halts when starting
with an empty tape. We then build a second, unrelated, simple game structure
in which the same coalition always has an avoiding strategy. Finally, we prove
that the two structures are bisimilar if and only if M halts.

Scheme of the paper. In Sec. 2 we recall the syntax and semantics of
ATL according to various flavors of imperfect information (and perfect recall).
Sec. 3 extends the bisimulation in [5] to the case of perfect recall, and shows that
bisimilar game structures satisfy the same formulas in ATL. Then, in Sec. 4 we
introduce our variant of bisimulation games, for which we prove that the DUPLI-
CATOR coalition has a winning strategy if and only if there exists a bisimulation
between the two given game structures. In Sec. 5 we prove the Gale-Stewart
determinacy theorem for our bisimulation games, which allows us to prove the
Hennessy-Milner theorem. Finally, in Sec. 6 we show that checking the existence
of a bisimulation between two given game structures is undecidable in general.

2 ATL with Imperfect Information

In this section we present the syntax and semantics of the Alternating-time
Temporal Logic ATL* [3]. In the rest of the paper we assume a set AP of atomic
propositions (or atoms) and a set Ag of agents.

Definition 1 (ATL*). History formulas ¢ and path formulas ¢ in ATL* are
defined by the following BNF, where pe AP and A< Ag:

¢u=pl-o|d—>o| (A
Y=g | Y| > | Xy | Y [QUY

The formulas in ATL* are all and only the history formulas.



The ATL* operator ((A)) intuitively means that ‘the agents in coalition A
have a (collective) strategy to achieve ...’ where the goals are LTL formulas
built by using operators ‘next’ X and ‘until’ U. We define A-formulas as the
formulas in ATL* in which A is the only coalition appearing in ATL* modalities.

Notice that we talk about history formulas, rather than state formulas as
customary, as such formulas will be interpreted on histories rather than states
as per perfect recall.

We provide ATL* with both the objective and subjective variants [17] of the
history-based semantics with imperfect information and perfect recall, as well as
a novel interpretation based on common knowledge [13].

Definition 2 (iCGS). Given sets AP of atoms and Ag of agents, a concurrent
game structure with imperfect information, or iCGS, is a tuple G = (Ag, S, so, Act,
{~i}icag,d,~,m) where

— S is a non-empty set of states and sg € S is the initial state of G.

— Act is a finite non-empty set of actions. A tuple a = (a;)ieay € Act™9 is called
a joint action.

— For every agent i € Ag, ~; is an equivalence relation on S, called the indis-
tinguishability relation for agent 7.

—d:Agx S — (24 < {@}) is the protocol function, satisfying the property
that, for all states s,s’ € S and any agent i, s ~; s’ implies d(i,s) = d(i,s").
That is, the same (non-empty) set of actions is available to agent i in indis-
tinguishable states.

— »C S x Act? x S is the transition relation such that, for every state s € S
and joint action d € Act49, (s,d,s") e for some state s’ € S iff a; € d(i,s)
for every agent i € Ag. We normally write s — r for (s,d,r) e~

— 7: 8 - 24P js the state-labeling function.

Runs. Given an iCGS G, a run is a finite or infinite sequence p = sgdgsy ... in

((S- Act9)* . S) U (S - ActA9)“ such that for every j > 0, s, SN sj+1. Given a
run p = Sodosi1 ... and j > 0, p[j] denotes the j + 1-th state s; in the sequence
and p[J, k] denotes the sequence of states from the j + 1-th state to the k + 1-th
state; while ps; (or p[> j]) denotes run s;d;s;j+1 ... starting from p[j], and pe;
(or p[< j]) denotes run spdosi ... d;-18;. Further, with act;(h, m) we denote the
m-th action of agent ¢ in history h.

We call finite runs histories, denote them as h € H, their length as |h| € N,
and their last element hy,_; as last(h); whereas infinite runs are called paths
and denoted as A\, \" € P. We denote the set of all histories (resp. paths) in an
iCGS G as Hist(G) (resp. Path(G)). Notice that states are instances of histories
of length 1. Accordingly, several notions defined below for histories can also by
applied to states. Finally, we write h < p to say that h is the prefix of p, that is
h = p[<[hl].

For a coalition A ¢ Ag of agents, a joint A-action denotes a tuple da =
(a;)ien € Act? of actions, one for each agent in A. For coalitions A € B ¢ Ag of
agents, a joint A-action Gy is extended by a joint B-action bB, denoted a4 C bB



if for every i € A, a; = b;. Also, a joint A-action G4 is enabled at state s € S if for
every agent i € A, a; € d(i,s).

Epistemic neighbourhoods. We extend the indistinguishability relations ~;, for
i € Ag, to histories in a synchronous, point-wise manner: h ~; b’ iff |h| = |h/| and
for all m < |h|, hpm, ~; b, and act;(h,m) = act;(h',m).

Given a coalition A ¢ Ag of agents, the collective knowledge relation ~% is
defined as U;eyq ~;, while the common knowledge relation NE is the transitive
closure (Ujea ~i)* of ~E. Then, C§(h) = {h' € H | b/ ~§ h} is the common
knowledge neighbourhood (CKN) of history h for coalition A in the iCGS G. We
will omit the superscript G whenever it is clear from the context.

Uniform strategies. We introduce a notion of strategy for the interpretation of
{{(A)) modalities.

Definition 3 (Strategy). A (uniform, memoryfull) strategy for an agent i €
Ag is a function o : H — Act that is compatible with d and ~;, that is, for all
histories h,h' € H, o(h) € d(i,last(h)) and h ~; h' implies o(h) = o(h').

We denote by Xr the set of all memoryfull uniform strategies.

A strategy for a coalition A of agents is a set o4 = {0, | a € A} of strategies,
one for each agent in A. Given coalitions A ¢ B ¢ Ag, a strategy o4 for coalition
A, a state s € S, and a joint B-action bp € Act® that is enabled at s, we say that

bp is compatible with o4 (in s) whenever o4(s) € bp. For states s,s' € S and

strategy o4, we write s UA—(S)> rif s > r for some joint action @ € Act9 that is

compatible with o 4.

We define three notions of outcome of strategy o4 at history h, corresponding
to the objective, subjective, and common knowledge interpretation of alternating-
time operators. Fix a history h and a strategy o4 for coalition A.

1. The set of objective outcomes of o4 at h is defined as outop;(h,04) = {)\ €

. . UA(Asj) .
P | Agn = h and for all j > |h|,A\[j] —— A[j +1]}.
2. The set of subjective outcomes of o4 at h is defined as outsuy;(h,04) =
UieA,humC’“tobJ‘(h'aUA)-
3. The set of common knowledge (ck) outcomes of o4 at h is defined as out.r (h,
oa) = Uh’eCA(h)OUtObj(h,’ cA).

Intuitively, objective outcomes are paths beginning with the current his-
tory h and consistent with the current joint strategy oa; whereas subjective
(resp. common knowledge) outcomes are paths beginning with some history h’
indistinguishable from h according to collective (resp. common) knowledge (as
well as consistent with o). Again, notions of outcomes from states can be ob-
tained from the definitions above, as states are a particular type of histories.

Definition 4. Given an iCGS G, a history formula ¢, path formula ¢, and
m € N, the subjective (resp. objective, common knowledge) satisfaction of ¢
at history h and of ¥ in path X\, denoted (G,h) £y ¢ and (G,\,m) E, Y for



x € {subj,obj, ck}, is defined recursively as follows (clauses for Boolean operators
are immediate and thus omitted):

(G,h) Exp iff p e w(last(h))
(G,h) =z (AN iff for some o4 € Xg,
for all X € outz(h,o4),(G,\|h|) Ez ¥
(G, A\ m) Ex & iff (G, Aem) Faz @
(G, A, m) ez X0 f (G Am+1)Eg
(G, A,m) . Y ffm>1 and (G, A\, m—1) =z ¢
(G, \,m) £ YUY’ iff for some j>m,(G,\,j) £z ¥, and

for all k,m < k < j implies (G, \, k) Ex ¥

Remark 1. The individual and common knowledge operators K; and C'4 of epis-
temic logic [13] can be added to the syntax of ATL* with the following (memo-
ryful) interpretation:

(G,h) g K;piff for all B ~; h, (G, 1)y &
(G,h) £y Cagiff for all b € Ca(h), (G, )y &

Withnin the subjective or the common knowledge interpretation of ATL*, the
individual knowledge operator becomes a derived operator, as we have (G, h) E,
K;¢ ift (G,h) =5 (i))¢U¢ for both x € {subj,ck}. It is known that there exists
no such definition for the knowledge operators in ATL* within the objective
interpretation. Furthermore, and only for the case of the common knowledge
interpretation, we may similarly derive the common knowledge operator as well:

(G,h) Eck Cad iff (G, h) Eck ((ANPU .

Ezxample 1. We describe a coordination scenario comprising of two agents, 1 and
2, who have to agree on a meeting. But 1 does not know where she is, in Paris
or London, and therefore which is the time zone, while 2 does not know if it is
winter time or summer time. Agent 1 can choose either go to the meeting (g)
or wait one hour (w) whereas 2 can choose either to go at 3pm (3) or at 4pm
(4), local time. Now suppose it is 3pm GMT. In London, in the winter (s2) 1
and 2 coordinate if 1 goes to the meeting and 2 goes at 3pm local time. They
also meet if 1 waits one hour and 2 goes at 4pm. All other combined actions are
unsuccessful. Analogously for Paris in the winter (s1), and London in the summer
(s3). The iCGS G depicted in Fig. 1 shows the described scenario. Since 1 and 2
have partial observability, 1 (resp. 2) cannot distinguish between states so and
s1 (resp. s3). After the initial choice, 1 and 2 stay indefinitely in either s4 or ss.
Finally, we use two atoms, to denote success (s) and failure (f), respectively.
As an example of specification in ATL*, consider formula ¢ = (({1,2})Xs.
This formula can be read as: 1 and 2 have a joint strategy to meet. Note that ¢ is
true in both s; and s3 when considering the subjective interpretation. However,
is the truth of ¢ in s; and ss justified from point of view of the rational be-
haviour of 1 and 27 Specifically, since ¢ is true in s; according to the subjective
interpretation, both 1 and 2 know that they have a successful strategy, which
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Fig. 1. The meeting scenario in Example 1.

consists in playing action g for 1 and action 4 for 2. But for this strategy to
be successful (i.e., satisfying Xs for all outcomes) it assumes that 2 is playing
action 3 in so: is such an assumption rationally justified? Notice that in so, 2
considers state s3 epistemically possible, and in s3 the joint action (g, 3) leads to
failure. Hence, it does not appear to be rational for 2 to play 3 in s3. Ever more
so that, by playing 4 in so and s3, 2 can coordinate with 1 to achieve success.
This example shows a scenario where, even though both agents know that their
strategies are successful in principle, they do not necessarily coordinate, as they
do not know that the other agent knows her strategy to be successful. Indeed, we
have that in both s; and so formula ¢ is false according to the common knowl-
edge interpretation. So, it is not the case that they have common knowledge of
their strategies being successful.

3 Alternating Bisimulations

In this section we introduce a notion of bisimulation suitable for concurrent game
structures with imperfect information. In particular, we show that it preserves
the satisfaction of formulas in ATL*, when interpreted under imperfect informa-
tion and perfect recall. Firstly, we present several auxiliary notions. Hereafter
G =(Ag, S, s0, Act,{~i}icag,d,—,m) and G' = (Ag,S’, sy, Act’, {~} }ieag,d', =", 7")
are two iICGS defined on the same set Ag of agents, with histories h € Hist(G)
and h' € Hist(G').

Partial strategies. A partial (uniform, memoryful) strategy for agent i € Ag is a
partial function o : H - Act such that for each h,h’ € H, o(h) € d(i,last(h)),
and h ~; h' implies o(h) = o(h"). We denote the domain of partial strategy o
as dom(o). Given a coalition A € Ag, a partial strategy for A is a tuple (0;)ica
of partial strategies, one for each agent i € A. The set of partial strategies for A
is denoted as PStr,. Given a set Q € H of histories and coalition A € Ag, we
denote by PStra(Q) the set of partial strategies whose domain is Q:

PStra(Q) ={(0i)ica € PStra | dom(o;) = Q for all i e A}



Additionally, given a (total or partial) strategy o4 and a history h € dom(o4),
define the set of successors of h by o as

succ(h,o4) = {has | ac Act with o4(h) € o and h = s}

Further, we set succ(04) = Unedom (o) Succ(h,o4).

Definition 5 (Strategy simulators). Given a coalition A € Ag, an A-strategy
simulator (or simply strategy simulator, when A is understood from the context)
is a family ST = (STCA(h)ch(h'))heHist(g),h’eHist(g’) of mappings STc , (hy,ca(h)
PStra(Ca(h)) = PStra(Ca(h")) such that for all histories h,k € Hist(G) and
h, K e Hist(G"),

if Ca(h) = Ca(k) and Cy(n") = C4(K')
then STCA(;L)pfA(h') = STCA(/C),C/A(]C’) (1)

Hereafter, we simplify the notation by writing ST (o) instead of the cumber-
some STc, (h),ca(h)(0), whenever h and h’ are clear from the context and
o€ PStr(Ca(h)).

We can now introduce the notion of (bi)simulation for iCGS.

Definition 6 (Memoryful Simulation). Let A ¢ Ag be a coalition of agents.
A relation = o€ Hist(G)xHist(G") is a simulation for A iff there exists a strategy
simulator ST such that for any two histories h € Hist(G), h' € Hist(G'), h=>4 h’
implies the following:

1. w(last(h)) =n'(last(h'));

2. For every i€ A and k' € Hist(G'), if b’ ~; k' then for some k € Hist(G),
h~kand k=4k'.

3. For every pair of histories k € Cs(h) and k" € C'y(h") with k=4 k', for every
partial strategy oa€ PStra(Ca(h)) and every history I € succ(k’, ST (c4)),
there exist a history 1 € succ(k,04) such that l =4 1".

A relation <4 is a bisimulation iff both <4 and its converse 451‘41:
{(W,h) | h<=4h'} are simulations.

We also extend (bi)-simulation to paths A € Path(G), N € Path(G'), by
denoting A =4 \" iff for all j >0, A; =4 AL;.

The main result of this section, Theorem 1, shows that bisimilar iCGS satisfy
the same formulas in ATL* under imperfect information and perfect recall. To
prove this result, we need the following auxiliary lemma;:

Lemma 1. If h =4 h' then for every strategy oa, there exists a strategy o'y
such that

(x) for every path X € outy(h',0'y), for x € {subj,obj,ck}, there exists a path
Aeouty(h,04) such that A=4 N

Proof. First, notice that point 3 in Def. 6 can be rewritten as:



3. For all histories k € Ca(h) and k' € C’(h') such that k =, k', for all
partial strategies o4 € PStra(Ca(h)), there exists a mapping po, ik °
succ(k',ST(c4)) — succ(k,o4) such that for all histories l'e succ(k', ST (c4)),
Poakk (') =al'.

in which the mapping p,, k k’ represents the skolemization, in the original point
3, of the existential quantifier over [ € succ(k,04), seen as a unary function
on I’ € succ(k’',ST (o)) indexed by o4 € PStra(Ca(h)), k € Ca(h) and k" €
C(h').

We now define the sequence (dom"(a A))neN’ of sets of histories in G such that
k e dom™(o4) iff k can be reached in at most n steps from C4(h) by applying
actions compatible with strategy o 4. Formally, dom®(c4) = Ca(h) and

"oa)=dom"(ca)u {CA(Z) |le succ(k,aA)}

kedom™ (o)

dom

Also, we denote by ¢4 the partial strategy resulting from restricting o4 to
dom™(c4).

We then define inductively a sequence (7'} )nen of partial strategies in G’ such
that dom (%) ¢ dom(a’s'") for every n € N, and, at the same time, a sequence
of mappings 07 : dom(a’y) -~ dom™(04), satisfying the following property:

0 (k') € SUCC(HZ(]C;W’\—I)?UA) (2)
The sequences (774 Jnen and (07 )nen are defined as follows:

1. dom(a%) = C4(h);
dom(55) = dom(5'% ) U {succ(k',5%) | k' € dom(5%)}.
2. For all k" e dom (%), a4 (k") = ST (09) (k).
3. For all k" € C"y(h'), we fix a unique k € C4(h) such that k =4 k' (which
exists by point 2 in Def. 6), and define 6% (k') = k.
4. Forall k' e dom(35), let I’ = ko)1 - Then, we set o (k') = Poa.0m )0 ().
5. For all k" € dom(a'5™),
—n+1
i (K = (ST on ey .cry k) (0 |CA(92(,€,)))(/€')-

We prove property (2) above, as well as the following: for every k' € dom(a';),
(k) =a k(%) a(k') edom™(oa)  (**)

Property (*) holds by definition, since p, , gn 1r)1r(k") =4 k'. Property (2)
and (**) can be proved by induction on n = |k'| - |h'|, by observing that (**)
holds for n = 0; if (2) holds for n+1 then (*x) holds for n+1 too; and finally, (2)
is an immediate consequence of the definition of 67, property (*+) Def. 6. Note
that property (**) ensures that indeed 6% : dom(3’y) - dom™(c4) as desired.

The ”limit” of the sequence of strategies (T4 )nen is still a partial strategy
and the domain of each &’y might not be closed under the common knowledge
indistinguishability relation ~g. So, we extend first the domain of each @ to one
which is closed under ~§ in G’, by constructing the sequence of partial strategies
(6™ )nen and the sequence of mappings 6% : dom(6%) — dom™ (0 4), as follows:



1. dom(6Y9) = dom(3%) = C'y(h');

dom(6"y"") = dom(5%) vU{C,(I') | 3k’ € dom(67;)

with I € suce(k',77%) N Cg(k')}.

. For all k" € dom(6Y%), 6% (k') = ST (c%)(K').
. For all k" € C'y ("), 65 (k') = 09 (K").
. Forall k" e dom(67%5™), let I = k;‘k,H. Then, we set 67+ (k') = Poaom (1)1 (k).
. For all k" € dom(675™),

a,erl(k’) - (STCA(ez(k’))qck(k/))(UA |CA(9Z(k/)))(k,).

U = W N

We observe that properties (*) and (*#) still hold for 7 and éz, though
property (2) does not in general. In this way we get that dom(&7%) 2 dom(a’})
and for every k' € dom(c’y), n € N, 6% (k') = 3%4(k"). As a result, the “limit”
partial strategy o4 = (67" defined as 64(k") = &f Ly ‘(k’) is also uniform and

neN
its domain dom(64) is closed under ~§. We then transform it into a (total) uni-
form strategy o’y by imposing a fixed action ag € Act wherever 67 is undefined,
that is, 0’y (k") = 6.4(k") for k' € dom(6.4) and o’4 (k") = ap otherwise.

Finally, to prove property (*) for the common knowledge semantics, consider

a path \ € outf,;(h',og) and the sequence (HZ(A;\h’Hn)) oy Of histories in G.

n
By construction, 92*1(/\;%,“%1) € succ(0% (A pjpn)-04) and 03 (A, ,,) =a

Al
<|h'|+n?
which is compatible with o4 and satisfies A = 4 A’, which ends the proof.

which means that this sequence of histories is in fact a path A in G

By using Lemma 1 we are finally able to prove the main preservation result
of this paper.

Theorem 1. Let h € Hist(G) and h' € Hist(G') be histories such that h <4 h',
and X € Path(G) and X' € Path(G") be paths such that A <> 4 X'. Then, for every
history A-formula ¢, path A-formula 1, m € N, and x € {subj, obj,ck},

(G.h) e ¢ iff (G, 1) Ea
(g7)\7m) ':"E w iﬁ (g,7)\,7m) t:w ¢

Proof. The proof is by mutual induction on the structure of ¢ and .

The case for propositional atoms is immediate as for z € {subj,obj,ck},
(G,h) e piff per(last(h)), iff pen’(last(h')) by item 1 in Def. 6, iff (G',h") £, p.
The inductive cases for propositional connectives are also immediate.

For v = ¢, suppose that (G, \,m) £, v, that is, (G, Aeyn) Fz ¢. By assump-
tion, Agm <=4 AL, as well, and by induction hypothesis (G, AL,,) £z ¢. Thus,
(G, N ,m) Eg .

For ¢ = X1, suppose that (G,\,m + 1) =, ¢'. By the induction hypothesis,
(G, N ,m+1) e, ¢ Thus, (G',\,m) E, 1. The inductive cases for 1 = Y4 and
W ='Uy" is similar.

Finally, for ¢ = ((A)¢, (G,h) =, ¢ iff for some strategy o4, for all X €
outd(h,o4), (G,\,|h]) Bz ¥. By Lemma. 1, there exists stategy 0’4 s.t. for all



N e outg’(h’,a;l), there exists A € out9(h,04) s.t. A <4 . Since |h| = |n', by
the induction hypothesis (G, A, |h|) E, ¥ i (G', X, |1|) £, ¢. Hence, (G',h) =,
}.

4 Bisimulations Games

In this section we introduce bisimulation games played on two iCGS and we
prove that the existence of a winning strategy for the DUPLICATOR coalition is
equivalent to the existence of a bisimulation between the iCGS.

Definition 7 (Bisimulation Game). Given iCGSs G and G', defined on the
same sets Ag of agents and AP of atoms, a relation R ¢ Hist(G) x Hist(G'),
and a pair (ho,hy) € Hist(G) x Hist(G") of histories, we define the bisimulation
game B(G,G’, R, ho,hj) as a turn-based game of imperfect information between
four players: P-DupL,P-SPOIL, called P-players, and I-DUPL, I-SPOIL, called
I-players, organized in two coalitions: the DUPLICATOR coalition {P-DupL, I-
DupL} and the SPOILER coaltion {P-SPOIL, I-SPOIL}, with both P-players hav-
ing perfect information while both I-players have the same imperfect informa-
tion.

At a higher-level, the bisimulation game is a turn-based game in which the I-
players are in charge of defining the strategy simulators, in the sense that I-SPOIL
chooses a partial strategy for A over some common knowledge neighbourhood in
one of the game structures, and I-DUPL responds with an appropriate partial
strategy for A in the other game structure. Then the perfectly-informed players
come into play, by appropriately defining mappings between histories compatible
with the chosen strategies, which represent ”skolemizations” of conditions (2)
and (3) in Def. 6.

The necessity for I-SPOIL and I-DUPL to only have imperfect information
comes from the fact that the same strategy profile has to be chosen by both players
at positions which belong to the same common knowledge neighborhood in both
game structures, since perfect information might be used by each player to trick
the other player by choosing a strategy which is not uniform for some agent in
coalition A.

More formally, the game proceeds as follows:

0. The positions of the game form a labeled tree, denoted T(B), with the root
position labeled (ho, hy). The rest of positions and their labels are given below.

1. Each position (h,h") where w(h) + «'(h') or (h,h") ¢ R is winning for the
SPOILER coalition.

2. Each position labeled (h,h') € Hist(G) x Hist(G") belongs to 1-SPOIL, and
both I-players receive observation Ca(h) x C'y(h'). In each such position I-
SPOIL may choose between two types of transitions:

(a) For each o4 € PStr(Ca(h)), a transition to a successor (of the current
position in the tree) labeled (h,h',o4,L).
(b) For each o'y e PStr(C’y (")) a transition to a successor labeled (h,h]o'y,R).



3. Each position (h,h',c4,L) belongs to I-DUPL and both I-players observe o 4.
I-DUPL may choose, for each o'y € PStr(C’(h')), a transition to a successor
labeled (h,h/,
oa,0h,L).

4. Each position (h,h',c’y, R) belongs to I-DUPL and both I-players observe o'y .
I-DUPL may choose, for each o4 € PStr(Ca(h)), a transition to a successor
labeled (h,h/,
oa,0%,R).

5. Each position (h,h',04,0"y, L) belongs to P-SPOIL and P-SPOIL may choose,
for each k" € C'y(h"), a transition to a successor labeled (h,h',o4,0',k',L).
In all positions at points 5-12, both I-players observe Ca(h) x C'y(h')

6. Each position (h,h',04,0", R) belongs to P-SPOIL, and P-SPOIL may choose,
for each k € Ca(h), a transition to a successor labeled (h,h',04,0",k, R).

7. Each position (h,h',04,0'%,k", L) belongs to P-DUPL, and P-DUPL may
choose, for each k € C4(h), a transition to a successor labeled (h,h' 04,0,
kK, L).

8. Each position (h,h',04,0',k,R) belongs to P-DUPL, and P-DUPL may
choose, for each k' € Cy(h'), a transition to a successor labeled (h,h',04,0;,
k. k', R).

9. Each position (h,h',04,0'y,k, k', L) belongs to P-SpPOIL, This position is
winning for the SPOILER coalition if w(k) # 7' (k") or (k,k') ¢ R. In this
position P-SPOIL may choose, for each l' € succ(k',0'y), a transition to a
successor labeled (h,h',o4,0',k, k', I',L).

10. Each position (h,h',o4,0'y,k, k', R) belongs to P-SPOIL, This position is
winning for the SPOILER coalition if w(k) = n'(k") or (k,k") ¢ R. In this
position P-SPOIL may choose, for each | € succ(k,o4), a transition to a
successor labeled (h,h',o4,0",k, k', R).

11. Each position (h,h',c4,0',k,k',l', L) belongs to P-DUPL, and P-DUPL may
choose, for eachl € succ(k,04), a transition to a successor labeled (1,1") from
where Rule 1 above applies.

12. Each position (h,h',04,0',k,k',l, R) belongs to P-DUPL, and P-DUPL may
choose, for each U € succ(k',0'y), a transition to a successor labeled (1,1")
from where Rule 1 above applies.

In the sequel, given a position p € T'(B), we denote Obs(p) the set of posi-
tions which give the same observation as p to any of the I-players. Also, the set
of strategies for the DUPLICATOR (resp. SPOILER) coalition is denoted Xpp
(resp. Xspoit). Further, the set of positions which are compatible with a strategy
0 € Xpupl U Xspoi is denoted Comp(o). Finally, for each position p we denote
lab(p) its label, as per Def. 7 of bisimulation game.

Next, we prove that bisimulation relations and bisimulation games are equiv-
alent characterisations of iCGS. To this end, given a history hg € Hist(G), we
define the pointed iCGS G(hg) in which the initial state is ho and the transitions
are modified accordingly.

Theorem 2. For any A-bisimulation relation R between G(hg) and G'(ho) the
DUPLICATOR coalition has a strategy to win the bisimulation game B(G, G\ R, ho,h{).



Conwversely, if the DUPLICATOR coalition has a joint strategy op to win the
game B(G,G', R, ho,h{)), then there exists an A-bisimulation <4 with <> 4C
RN {(h,h') | (h,h') € out(phoﬁh(),a[))}, where pp, ny is the initial position of the
bisimulation game B(G,G', R, ho, hy).

Proof. We prove this theorem by double inclusion.

= Suppose that <4 is an A-bisimulation. For convenience, we utilize, as
in the proof of Lemma 1, the restated variant (3) of point (3) in Def. 6 of A-
simulations, which assumes a mapping po , ki : succ(k’, ST (o4)) - succ(k,o4)
that ensures that for any !’ € succ(k’,ST(04)), we have py, k(') =4 U
Since <=4 is also a reverse simulation, we symmetrically consider p! N
suce(k,ST'(0'y)) = suce(k’, o'y) s.t. p:r’A,k,k’(l,) <> 4l for any lesucc(k, ST’ (0))).

Similarly, we restate point (2) in Def. 6 in functional terms:

2 For for each o4 € PStr(C4(h)) there exists a mapping 05, 1 Cy(h') — Ca(h)
such that for any i € A, if kj ~; ky then 07, (k1) ~; 05, (k3).

A
To see that this formulation is equivalent to item (2) in Def. 6, note first that this
point restates as the first-order formula ¢ = Vk' € Hist(G')3k € Hist(g)(h' ~

E' — h~; kAk =4 k'). This formula is equivalent to Vo a.(wAca € PStr(Ca(h)))

by the Universal Generalization Rule since o4 is not free in . Then 6 :
C'"y (k") = Ca(h) corresponds to the skolemization of Ik € Hist(G) (seen as a
unary function indexed by 04).

By symmetry, for each o’y € PStr(C’ (h')) we denote 9;’,A :Ca(h) = CL(R)
the reverse mapping, which exists since < 4 is also a (reverse) simulation be-
tween G’ and G.

Then, we define the strategy profile (6;p,opp) for the DUPLICATOR coalition
as follows: for any position p,

1. If lab(p) = (h,h',04,L) then o;p(p) = ST (0a), and if lab(p) = (h,h', o'y, R)
then orp(p) = ST'(oy).

2. If lab(p) = (h,h', 04,04, k', L) then opp(p) = 05, (k'), and if lab(p) = (h, 1/,
04,0, k,R) then apD(p):t?:,A(k).

3. Iflab(p) = (h,h' 04,0, k, k' ,I', L) then opp(p) = po, kk (I") and if lab(p) =
(h,h' ;04,0 k, k' I,R)
then opp(p) = p,a':47k;7k;’(l)'

Since <= 4 is an A-bisimulation and ST, ST’ are strategy simulators that
do not depend on h or h', strategy o;p is uniform, that is, for all positions p, p’
belonging to I-DUPL and this player receives the same sequence of observations
along the history that leads to p and the history that leads to p’, we must have
orp(p) = orp(p’). Then, all the runs that are compatible with the strategy
profile op never reach a position (h,h’) where SPOILER wins:

a. Forlab(p) = (h,h',04,0',k', L), lab(succ(p,op)) = (h,h,04,0%,05, (k') k',
L). But 05, (k')=ak by point (2) for Def. 6, which implies that succ(p,op)



is not winning for SPOILER. A similar argument holds for lab(p) = (h,h/, 04,
oy, k,R).

b. For lab(p)=(h,h';oa,0"y,k, k"', L), lab(succ(p,op))
= (hu h,oa, 0147 kK, paA,k,k’(l,)u v, L) But po 4 kk (l,)
=4 I’ by point (3) for Def. 6, which implies that succ(p,
op) is not winning for SPOILER. A similar argument holds for lab(p) =
(h,h',oa,0', kK1, R).

< Suppose now that we have a winning joint strategy op = (orp,opp) for
the DUPLICATOR coalition. Then, for each position p that is consistent with op,
with label lab(p) = (h,h') € Hist(G) x Hist(G"), we set h <" h'.

The strategy simulators are then defined as follows: for each h <9” h'
with (h,h") = lab(p) for some position p in the bisimulation game, and each
oa € PStr(Ca(h)), note first that we have a I-SPOIL transition to a position
ps, labeled (h,h’,04, L) and then a I-DUPL transition to a position p2 , labeled
(h,h' o4, O'[D(plle), L). Then, we set STCA(h),C;‘(h’)(UA) = U]D(pg}A). Note that
this definition is independent of the choice of p since, by construction, all po-
sitions p with lab(p) = lab(p) are indistinguishable for I-DUPL, as he observes
only Ca(h) x C/y(h') and 4. Hence, orp(p,) = JID(]?},A), where 73}74 is the
position resulting by I-SPOIL choosing ¢ 4 in position p. This ensures that ST is
indeed a strategy simulator according to Equation (1).

Furthermore, the mappings ¢, are defined as follows: given position p with
lab(p) = (h,h') as above, then for cach 04 € PStr(Ca(h)), denote first p.
the position resulting from I-SPOIL executing transition o 4; further denote p2 "
the position which belongs to P-SPOIL after P-DUPL executes action op (p},A).
Note then that, in position pgA, for each k" € C'y(h"), P-SPOIL has a move to
a position pgAﬁk, which is labeled (h,h',04,01p (piA),k',L) which belongs to
P-DupL. Then we define 65, (k') = opp (pgAyk,).

This definition is dependent on the choice of the starting position p, but this
is not an issue for our definition of <=%" since there is no requirement for build-
ing the mazimal bisimulation associated with a bisimulation game. Note further
that this definition, together with the fact that op is winning and hence posi-
tion pimk, = succ(pimk,, oPD (pgmk,)) is not winning for the SPOILER coalition,
implies that (05, (k")) = 7'(k') and further ensures that 65 (k') satisfies the
restated point (2) for Def. 6.

Finally, by proceeding from position pi/h » Which again belongs to P-SpoIL,
for each P-SPOIL’s choice of some history I’ € succ(k’,orp(ps,)), the game
proceeds to a position pgA,k’,l' that belongs to P-DUPL and is labeled with lab(
p§A7k,)l,) =(h,W,04,01p(p},),0PD (pgmk,), k' 1, L). We then define Paa b5, (k).
(I"Y=0pD (pgA7k,)l,). Also note that this definition is dependent on the choice of
the initial position p with no loss of generality, and the fact that op is winning
ensures that the position resulting from pgm kv by P-DUPL’s choice and labeled
(cpD (pi’A)k,’l,, 1"), is not winning for SPOILER. In particular, w(pimk,)l,) =7'(l")

and Paab5 (K)k satisfies the restated point (3) for Def. 6.
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Fig. 2. Counterexample for the Hennessy—Milner property for the subjective and ob-
jective semantics.

Similar considerations give us the definitions for 9 and p Rk for each

o'y € PStr(Cy(h')), k"« C’y(h') and ke Cy4(h) with k @A k. This completes
the proof of Theorem 2.

We conclude this section with some immediate properties about our bisimu-
lation games and bisimulation relations.

Proposition 1. 1. The set of bisimulations associated with the same strategy
simulator forms a complete lattice w.r.t. set inclusion.

2. If two iCGS G and G’ are bisimilar, then the DUPLICATOR coalition has
a winning strategy in the bisimulation game B(G,G’,Tot) where Tot is the
total relation Hist(G) x Hist(G').

The second claim follows by observing that if the DUPLICATOR coalition
has a strategy to win a bisimulation game B(R) = B(G,G’, ho, hj, R) for some
R, then they also have a strategy to win the bisimulation game B(Tot) =
B(G,G', ho,hy, Tot), and the construction in Theorem 2 can be used to show
that the bisimulation associated with B(R) is included in the bisimulation as-
sociated with B(Tot). Hence, this latter is maximal w.r.t. all bisimulations that
share the strategy simulator constructed as in Theorem 2.

5 The Hennessy-Milner Property

We now show that the notion of bisimulation introduced in Sec. 3 enjoys the
Hennessy-Milner property. To this end, we need to define A-equivalence between
iCGS. Specifically, given iCGS G and G’ with histories hg € Hist(G) and hy €
Hist(G'), we say that the pointed iCGS G(ho) and G'(hy), having ho and h( as
respective initial histories, are A-equivalent iff for every A-formula ¢, (G, ho) Ex ¢
i (G, b)) a

Theorem 3. The notion of bisimulation in Def. 6 enjoys the Hennessy-Milner
property, that is, the pointed iCGS G(ho) and G'(h{) are A-equivalent for the
common knowledge semantics if and only if they are A-bisimilar.

Before proving Theorem 3, as a counterexample for the subjective and ob-
jective semantics, we recall the example used in [6] depicted in Figure 2. In each



state agent 1 can execute actions {a,b,c} while agent 2 can execute {z,y, z}.
The transitions shown lead to ¢r and ¢4, while the omitted transitions lead to
q. and ¢}, respectively. We can check that states ¢; and ¢, with i, € {1,2,3,4},
are {1,2}-equivalent, and it holds the same also for states q, (resp., ¢r) and
q, (resp., ¢%). Therefore, G; and Gy are {1,2}-equivalent, i.e., they satisfy the
same {1, 2}-formulas in ATL*. However, there is no {1,2}-bisimulation between
the two iCGS. In particular, for any 4,j € {1,2,3,4}, state ¢; cannot be {1,2}-
bisimilar with any state g;.

The lack of a bisimulation between the two structures in Fig. 2 follows by
observing that the SPOILER coalition wins the appropriate bisimulation game,
since in the initial position (g1, ¢}), I-SPOIL may choose strategy o which pro-
duces action tuple (a,x) in each state in Cgy 2y(q1) = {q1,42,93,44}. If I-DUPL
responds with strategy o'(¢}) = o/(¢}) = 0'(¢4) = 0'(qa) = (a,z), then P-SPoIL
will choose state ¢j, and P-DUPL has no good choice of some state in G; whose
successor by o is labeled —p, which is the label of the successor of ¢j by o’
Similar situations occur for all the other choices by I-DUPL.

To prove Theorem 3, we actually prove the following Gale-Stewart-type the-
orem for the bisimulation games introduced in Def. 7:

Theorem 4 (Gale-Stewart theorem for bisimulation games). Each bisim-
ulation game is determined: either the DUPLICATOR coalition or the SPOILER
coalition wins the game.

Proof. We follow the pattern of Gale-Stewart games by proving first that, at
positions where one coalition does not have a winning strategy, the other one has
a “defensive” strategy, and then showing that any defensive strategy is winning.
Formally, a defensive strategy for the SPOILER coalition in the bisimulation
game is a joint strategy og = (015,0ps) such that, for any position p of the game
which is compatible with cp, DUPLICATOR does not have a winning strategy
starting from the set of positions that have the same observability as p and are
compatible with og. Defensive strategies for DUPLICATOR are defined similarly.
We then have:

Lemma 2. If DUPLICATOR coalition does not have a winning strategy, then
SPOILER coalition has a defensive strategy.

The proof of this claim works similarly to the classical case [14], by building
the defensive strategy by induction on the level of the position in the tree of
positions of the bisimulation game, such that, at each position belonging to
P-SpoiL or I-SpoIL, we identify one “defensive” action for these agent. The
difficulty is to build a uniform strategy for I-SPOIL, i.e., at two positions with
identical observations for I-SPOIL, her actions are identical.

The argument is similar for the base case and the inductive cases, and starts
by assuming the following: for some position p with lab(p) = (h, E’), the SPOILER
coalition does not have a defensive strategy from Obs(p), but neither DUPLI-
CATOR has a winning strategy from Obs(p). Therefore the following property,



which formalizes the lack of a defensive strategy w.r.t. L-transitions (i.e. steps
2.a,3,5,7,9 and 11) in the bisimulation game, holds:

Vp1 € Obs(p) Yo € PStr(Ca(lab(p1)))
Jo! € PStr(C(labs(p1))) VE € C(laba(p1))

o,P1

ko py ks € Ca(labi(pr)) VU € suce(k', ol )

o,P1
E”U,pl,k’,l’ € Succ(kg)pl)k/, U) EO'D = (O'ID, UPD) EEDupl
with op winning from position (Iy,p, x1,1")  (3)

Note that a similar property holds w.r.t. R-transitions.

Notice that, by default, nothing excludes having some p1, ps € Obs(p) such
that, for some, o € PStr(Ca(labi(p))), oy, ,, # 0, ,- But I-DUPL can choose the
same o), , and P-DUPL can then choose [, 5/ at all positions p; € Obs(p),

o,

because Zhoices of ¥’ for P-DUPL in Formula 3 are quantified over the whole
Cy(laba(p1)) = C’y(laba(p)). In other words, because I-DUPL’s choice of o7, ,
combined with P-DUPL choice of [, ;1 ;r are ”defensive” at position p, they are
”defensive” at any other position p; € Obs(p). This way, I-DUPL’s choice can be
made uniform w.r.t. her observations, which gives a winning strategy for the
DUPLICATOR coalition at p, fact which contradicts the initial assumption.

Formally, from any position p; € Obs(p), the following strategy for DUPLI-

CATOR coalition is winning:

— Denote pl the successor of p; after I-SPOIL chooses o. Then I-DUPL chooses
ol , at py.

— Denote the resulting position p}j)gg i Denote further by p}f,o;,p,k’ the suc-
cessor of péaéyp after P-SPOIL has chosen k' € C) (laba(p)). Then P-DupL
chooses kq 1 € Ca(labi(p)) at p}f,o;,p,k"

— Denote the resulting position Posol, kg - Also denote pllj)a:w))k”C  the

successor of pt , ., after P-SpoIL chooses I" € succ(k', 07, ). Then P-
»Wo,prto,p, ?

o,p, k!

1
DUPL chooses ly,p k7,17 € Succ(ko p ks, 0) at Dot Kk ol

Formula 3 implies that from the resulting position, which is labeled (15, k17,
1), the DUPLICATOR coalition has a winning strategy. Hence, we have a winning
strategy for the DUPLICATOR coalition from Obs(p), which contradicts the initial
assumption.

As a result, the SPOILER coalition must have a defensive strategy from
Obs(p), which can be built by negating Formula 3, after which the construction
continues by induction on the observation class of the resulting positions labeled
(lg,pkr7,1"). A similar argument shows that, when SPOILER coalition does not
have a winning strategy, DUPLICATOR coalition has a defensive strategy.

It remains to show that a defensive strategy for DUPLICATOR is winning.
This follows by observing that any infinite path in 7(B) which is compatible
with a defensive strategy for DUPLICATOR must not pass through a position
which is winning for SPOILER, hence is an infinite path which is winning for
DUPLICATOR, which ends the proof.



We can now proceed with the proof of Theorem 3.

Proof. Theorem 3 Assume that there exists no bisimulation between G and G’
which, by Proposition 1, means that in the bisimulation game B(G,G’, so, s, T'ot)
the DUPLICATOR coalition has no winning strategy. By the determinacy theo-
rem, the SPOILER coalition has a winning strategy os = (o7s,0ps). Since each
position in the bisimulation game has a finite number of successors, as a con-
sequence of Konig’s Lemma, there exists a finite set P,, of winning positions
for SPOILER such that all runs compatible with g pass through one position of
Py

Pick then a position p labeled (h,h') such that, on all runs starting from
p and compatible with og, the first position labeled with some (I,1") occurring
on the run after p is a winning position for SPOILER. Note that the following
property, formalizing the fact that og is winning, holds:

JoePStr(Ca(h)) Vo'e PStr(Cy(h")) 3k, €C/y (W) VkeC4(h)
(ﬂ'(k) =7'(kl,) - 3y o esucc(k’ o)
Viesuce(k,o) 7T(l)#=ﬂ'(l(,7/)k/”k)) (4)

where o=0715(p), k., =ops(p1), p1 is the successor of p after I-SPOIL chooses ¢
and P-DUPL answers with o', and I/, ,, , =ops(p2) where py is the successor

of p; after P-SPOIL chooses k' and P-DUPL answers with k. Note that the
implication with premise 7(k) = 7'(k.,) is needed since P-DUPL’s choices with
m(k)#n'(kl,) are immediately winning for SPOILER, and then there is no need
to proceed with steps 11-12 corresponding with the successors of k and k’.

So, if we define the formula

P(Pos)=(ANX( A (YH (ko) > =7 (s, 1)) (5)

o’ ePStr(C", (h')) keCa(h)

then Formula 4 implies that (G, h) =i ¢(Psrg) but, on the other hand, (G',h") ¥k
P(Pos).

To see this, note that, in ¢(P,,) the coalition operator ({A)) encodes Jo €
PStr(Ca(h)) in 4. Further, the conjunction indexed by ¢’ in 5 corresponds to
the universal quantifier on ¢’ in 4. The k!, in 5 represents the skolemization of
the existential quantification over &/, in 4. The last disjunction in 5 corresponds
with the existential quantification over k in 4. The existential quantification over
l:—;’,k’,,k in 4 is encoded in 5 by its skolemization, denoted l:—;’,k’,,k too. Finally,
the universal quantifier over [ € succ(k, o) in 4 and the last prof)erty connecting
lto 1}, 4 is encoded in 5 by —7'(I], ., ).

The Uyesterday operator Y is needed because we must encode the part of 4
referring to w(k), which refers to the current position. Unfortunately, a formula
like ((A) (7 (k) — X ) which would simulate more easily the implication w(k) =
7' (k) = 3, 40 g €succ(k’,o’) ... from 4 would not be ATL but rather ATL".

But, in order to correctly simulate quantifier order from 4, in 5 w(k) must lie



within the scope of {((A)) X, which refers to the positions one time step after the
current position. Hence, in the scope of ((A))X we need to recover the value of
7w (k) at the previous position, hence we utilize Y. We believe Y might not be
needed for the full AT L*, a topic for further research.

The proof can then be completed by induction as follows: we modify the
bisimulation game by appending a new winning condition for SPOILER: all posi-
tions in Obs(p) are labeled as winning, with the formula ¢ witnessing this. The
set of atomic propositions for both iCGS is augmented with p, and, for each
(h,h") labeling a position p; € Obs(p), we augment w(h) with p, while 7’(h") is
left unchanged. This provides us with a new bisimulation game in which (the ap-
propriately updated) strategy profile og is still a winning strategy for SPOILER,
there is a strictly smaller set of positions P;_ which are winning for SPOILER,
and all runs compatible with og pass through one position of P, _.

The argument ends when we obtain some P]" for which Obs(P;") is a sin-
gleton, which means that (ho,hg) € Py.. Then the formula (P ) built as in
Equation 5 is the witness that (G, ho) is not A-equivalent with (G', hy).

6 Undecidability Result

In this section we show that deciding the existence of bisimulations between
iCGS is undecidable in general. We state immediately the main result of this
section.

Theorem 5. The problem of checking whether two CGS G1 and G defined on
the same set Ag of agents are A-bisimilar, for some set A ¢ Ag of agents, is
undecidable.

The proof of Theorem 5 can be outlined as follows: given any deterministic
Turing Machine, by building on [12] we construct a 3-agent iCGS which has the
property that two agents (call them 1 and 2) have a winning strategy to avoid
an error state if and only if the TM never stops when starting with an empty
tape. We note that this strategy, when it exists, is unique. Then, we construct a
second 3-agent “simple” iCGS in which there exists a unique strategy for agents
1 and 2 (without memory) for avoiding an error state. Finally, we prove that
these two iCGS are bisimilar if and only if the TM never stops when starting
with an empty tape, which is sufficient to derive the undecidability of the former
problem.

We start with the construction of the second iCGS, which is depicted in
Figure 3. Note that the transitions only represent the actions of agents 1 and 2,
agent 3’s role is to ”solve nondeterminism” in states snit, Sgen and sy-. First of
all, we prove the following lemma.

Lemma 3. In the iCGS depicted in Figure 3 there exists a unique strategy for
agents 1 and 2 to avoid state Serr.

Proof. Note that, in all the states except s! , and s? , coalition {1,2} must

play (ok,ok) to avoid Sep-. To further understand why 1 and 2 need to play



. . .. . . ok,ok
the same action in the remaining two states, consider history h = s;pi1 ——

k,ok k,ok .
Sgen OO sy 2 s2 .. Note that if we have h ~; b’ (and h # k'), then h' =

ok,ok ok,ok 4 ai,az g P
Sinit Sgen Somb Shamp- S0, for any joint strategy o = (01, 02)

for 1 and 2, ensuring s, ¢ succ(h’,o1(h")) requires that o1 (h") = ok, which also

implies that o1(h) = ok by l-uniformity of o. A similar argument shows that

. . ok,ok ok,ok ok,ok
h~g h" (and h # ") implies that h" = s;t Sgen St Sgen, and

since the only way to ensure s, ¢ suce(h”, o2 (k")) is by choosing 2 (k") = ok,
we must also have o5 (h) = ok.

ok, ok

Fig. 3. The iCGS Gs, where * = -0k, ok | ok, —ok | —ok,-ok and # = ok, ok | ok, -0k |
-0k, —ok | ok, ok. The indistinguishability relation for player 1 has three classes: sgen,
Serry and Sset, where Sset = S\ {Sgen, Serr . The indistinguishability relation for player
2 has three classes: Sir, Serr, and Sie;, where Ster = S\ {Str, Serr -

By generalizing these observations, a strategy that avoids the error state for
all outcomes can only be constructed if in every history h ending in s® . the
joint action is (ok,ok). This is because:

1. if h~y b/ and last(h') =s2,, ,, then in s2 . the only “good” transition for
agent 1 is ok, and

2. if h ~y B and last(h") € {Sgen, St ,mp}> then in both these states the only
“good” transition for agent 2 is ok too.

A similar remark holds for histories ending in the other “ambiguous” state, s2, ,.

So there is only one joint uniform strategy for {1,2} that avoids s, which is
choosing (ok,ok) at every history.

We now turn to the construction of the first iCGS, which is adapted from
[12]. We give the construction for a simple deterministic TM M = (Q, I',§) with
states Q = {qo,q1, g2} and tape symbols I" = { B,a}, whose transition function &
is in Table 1.



6 B [ a |
9| (q1,a,R)|(q1, B, R)
q1|(g2,a,R) |(qo0, B, L)

q2 (QOvaL) (Q27G,R)
Table 1. Transitions of the TM M.

The purpose of this construction is that the given TM never halts on an
empty tape if and only if coalition {1,2} has a strategy which simulates the
run of the TM on the levels of the tree of runs compatible with the strategy.
The simulation of the Turing machine, depicted in Fig. 5, satisfies the following
properties:

y i1 i
! i (l]nfh}?
(q0q1 R),
i,(q2q0L) (qlqoL)
(g2q0L),i (q1q0L),i

(qulzR \((hqu
(fizqzﬁ i, (142 R)

b

llothR

+
i (41 q,L) q1q21i) i /
<1(qn a1, R) 9 11

Gy
o

is(a192R) s
i,i (g0, 1, R) i i,(¢2q2R) any i

(a1,q90.L),i /
'12 q0,L),i
i, (g2, 42, R) @
Sqza

Fig.4. The iCGS G, where * = i,qo | (Q17q07L)7i | (q27q07L)7i7 # = i7(q17q27R) |
i,(q2,q2, R), + represents all the possible combination of actions less the tuples al-
ready displayed, and any represents all the possible combinations of actions. Note
that, all the missing transitions go to the error state. The indistinguishability relation
for player 1 has three classes: sgen, Serr, and Sset, where Sger = S\ {sgemsew}. The
indistinguishability relation for player 2 has three classes: s¢r, Serr, and sh.;, where
Slset =S\ {Stmser"r}«

. . 1,0 1,0 n %
1. Every run p starting with sim»t( —> Sgen —> stT) > sqen SN sp, simulates

the evolution of the contents of the n-th cell on the tape. We call such runs

as (1,n)-runs and denote them p(*™ . Formally, for each k > n, depending

on the k-th configuration of the TM:

(a) If the R/W head points to cell n that holds symbol z, the TM is in state
q, and the transition table gives §(q,x)=(r,y, R) (i.e. an R-move of the
head), then

(q,m,R),t 0 Bi o1

P2k + 2,2k + 4] = 594 ——> s —> 51



(a,m R .
pBm D[22, 2k +4] = 51 25 0 ACLEUN Srz, for some z eI representing

the contents of tape cell (n+1) in configuration k.
(b) On the other hand, if the transition table gives d(q, z)
=(r,y,L) (i.e. an L-move of the head), then
i,(g,r L i
P2k + 2,2k +4] = 840 L» 0= s,
p D [2k + 2,2k + 4] = L 25 OMSTZ,forsomezef'
(¢) Otherwise (i.e., the R/W head is not pointing cells n -1 to n + 1),

p™M 2k, 2k + 2] = sl A s 25 5! where z is the contents of cell n
in configuration k.
Note that two steps are needed along each run to encode the transition of
the R/W head from cell n to cell (n+1) for an R-move, or to cell (n—1) for

a L-move.
'L 1 n l 7
2. Every run p starting with szmt( RN sgen > 84 ) — str, simulates a move

of the R/W head between the (n—1)-th and the n-th cell, (which we call in

the sequel the n-th frontier), for n > 1. We call such runs as (2,n)-runs and

denote them p(*>™. Formally, for every k > n, depending on the transition

between the k-th and the (k + 1)-th configuration of the TM:

(a) If the R/W head moves from the n-th cell to the (n—1)-th by executing
0(q,z) = (r,y, L), then

i,(q,m L ,r,L),i
p(2’")[2k+3, 2k+5] = 51, M Sq,r L u St

(b) If the R/W head moves from the (n —1)-th cell to the n-th by execut-

,rR) i
ing transition 0(q,z) = (r,y, R), then p>™[2k+3,2k+5] = s}, LanR),
i,(q,m,R) 1
Sq,mR Str-

(c) Otherwise, p(>™[2k+3,2k+5] =

1,7 0 1,1 1
S tr Str Str-

Finally, run pg = Sinit A Shoit RN Sip M sfb( i slb)w simulates the “left
bound” of the tape and the start of the TM with the R/W head on the initial
state go. Let GR denote the set {po} u {p™"™, p(>™ | n e N} of “good” runs ,
and o™ the unique strategy for agents 1 and 2 that simulates the infinite run
of the TM, when it exists.

In what follows, we group states of Gy, in five sets:

S?Lamb {Sinit Sinits Sivs Sfb}.
Srlmmb {Sq,z |q€ QandZEF}U{SJl_7slB,S(11}_
S;mb {Sa,S%, ST

namb {Strv i}

amb = {Sqmw | Q7T€Q7$G{R,L}}U{s‘i,s?r},

We also call states in Sgmp = S;mbusgmb as “ambiguous” and in Syamp = SN Samp
“nonambiguous”. Note that, in each nonambiguous state, all outgoing transitions
which avoir s, are labeled with a unique tuple of actions, while all ambiguous
states do not have transitions leading to sy
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Before defining the actual bisimulation between Gp; and Gg, note that runs
that “deviate” from runs in GR (and therefore associated with a “wrong” strat-
egy that cannot avoid s.,,) contain either a transition from a nonambiguous
state to Sen-, Or a transition from an ambiguous state which is not consistent
with the TM computation, as explain below.

The line of reasoning guaranteeing that every strategy o consistent with a
run which “deviates” from a run in GR will not be able to avoid s, is similar to
the proof of Lemma 3 above. Assume that there exists a single partial strategy,
defined on Hist<*(Gys), which avoids s.,.. and all histories compatible with this
strategy are prefixes of length < n of runs in GR. Note first that each such history
ending in states in Sy qmp can only be completed with a transition that simulates
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Fig. 5. Simulating three computation steps of the Turing machine in Table 1.
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To see what happens with the other type of histories, consider some history
ai,a2

h = pt™M[<i] =2 s with hi] ¢ Snams. Note then that if h ~; b/ then A'[<
i] < p(z’") and h'[i] € Spams 18 a nonambiguous state. Therefore, there exists a

unique h'[] LN s’, and, moreover, this transition has to correctly simulate the
n-th frontier at level ¢ + 1. It then follows that a; is the “good” decision agent 1
has to make to correctly simulate the TM run on h. A similar argument holds
for h' ~5 h by noting that h”[<i] < p(>~1). Also similar arguments hold if we
start with h < p(2™),

Finally, the bisimulation relation between Gy; and Gg is guided by the intu-
ition that histories ending in nonambiguous states S}wmb resp. S?w,mb’ ”behave

similarly” with histories ending in s! . resp. s2 . .. while histories ending in
ambiguous states S mb> T€sp. S mp behave similarly with histories ending in
1

Samb’ resp. Samb

Specifically, for every h € Hist(Gys) with h < p™ and h £ p3™ | we set
h <12 x for x defined as follows:

- xli] = h[i] if h[i] € S?umb U{Serr -
X[i] = 5y i Ai] € S

amb

: X[l] - Snamb if h[ :| € Snamb
. For y € {1,2}, act,(x,?) = ok if and only if act, (h,i) is the “correct” action

executed by agent y for simulating the contents of the n-th cell at level ¢
along p(1™).

=W N

Similarly, for every h € Hist(Gar) with h < p>™ and h # p(b"*D) | we set
h <12 x for x defined as follows:
1. x[i] =82, if h[i] € S?

amb

2. X[ :| iamb if h[ ]GSnamb
3. For y € {1,2}, act,(x,?) = ok if and only if act,(h,7) is the “correct” action

executed by agent y for simulating the n-th frontier at level i along p(>™).

Note that <= , is in fact functional.
The strategy simulator ST can be constructed using the functional rela-
tion <12 as follows: for any joint strategy o and any history h € Hist(Gar)
compatible with o, take the unique x; € Hist(Gs) with h <12 x5, and de-
fine the partial strategy 7, with 77 (xn[< |xrl]) = act(xn,| < xn|). Then note
that, whenever we have two different joint strategies o' and ¢? which share
some compatible histories, then for any h compatible with both we have that
o (xnl<Ixnll) = 772 (xnll < xnl|]). This means that the following definition cor-
rectly constructs a strategy simulator: for each h € Hist(Gar), each partial strat-
egy @ € PStr(Ca(h)), h' € Ca(h) and for each joint strategy o with o

ST@)(h) =77 (xal< Ixnll)

because, as noted above, different 77 agree on the same xp, so the choice of ¢ is
not important as long as it is compatible with h.

The inverse strategy simulator can be chosen as any inverse function of ST,
i.e. any function ST’ with ST o ST’ being the identity function.

Catny =7



Hence <1 2 is indeed an {1,2}-bisimulation with ST and ST’ strategy sim-
ulators, if and only if M never stops when starting with an empty tape, which
ends the proof of the undecidability theorem.

7 Conclusions and Future Work

In this paper we advanced the state of the art in the model theory of logics for
strategic reasoning in multi-agent systems. Specifically, in Sec. 2 we considered
the common knowledge interpretation of the Alternating-time Temporal Logic
ATL under the assumption of imperfect information (and perfect recall), which
has so far received little attention in the literature. For this context of imperfect
information, we introduced a novel notion of alternating bisimulation in Sec. 3
and were able to prove the preservation of ATL formulas in bisimilar iCGS (The-
orem 1). Further, in order to show that the common knowledge interpretation
enjoys the Hennessy-Milner property, in Sec. 4 we introduced an imperfect infor-
mation variant bisimulation games and showed that the DUPLICATOR coalition
has a winning strategy if and only if there exists a bisimulation between the two
given iCGS (Theorem 2). Finally, in Sec. 5 we proved the Gale-Stewart deter-
minacy Theorem 4, which allows us to prove the Hennessy-Milner Theorem 3.
We also provided counterexamples to the Hennessy-Milner property for the ob-
jective and subjective interpretation of ATL. To conclude, in Sec. 6 we showed
that checking the existence of an alternating bisimulation between two iCGS is
undecidable in general (Theorem 5).

We note that our Hennessy-Milner theorem utilizes the ”yesterday” modality
for technical reasons. As noted in the proof of Theorem 3, Formula 4 might be
encoded with an ATL* formula which does not utilize Y. The translation of this
theorem to the full ATL* is left for future research.

As another direction for future research, we plan to investigate under which
conditions our Gale-Stewart-type theorem can be generalized to a full determi-
nacy theorem for multi-agent games.
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