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Abstract

We present in this work a sound and complete modal logic called EDL.A (Epis-
temic Dynamic Logic of Agency) integrating the concepts of joint action, prefer-
ence and knowledge and enabling to reason about epistemic games in strategic
form. We provide complexity results for EDL.A. In the second part of the paper,
we study in EDLA the epistemic and rationality conditions of some classical so-
lution concepts like Nash equilibrium and Iterated Deletion of Strictly Dominated
Strategies (IDSDS). In the last part of the paper we combine EDL.A with Dynamic
Epistemic Logic (DEL) in order to model epistemic game dynamics.

1 Introduction

We present a modal logic integrating the concepts of joint action, preference and
knowledge. Our logic supports reasoning about epistemic games in strategic form
in which agents decide what to do according to some general principles of rational-
ity while being uncertain about several aspects of the interaction such as other agents’
choices, other agents’ preferences, etc. Although epistemic games have been exten-
sively studied in economics in the so-called area of interactive epistemology (see, e.g.,
[1, 10,9, 3, 11]) and there have been some analysis of epistemic games in modal logic
(see, e.g., [5, 12,9, 21]), no modal approach to epistemic games in strategic form has
been proposed up to now which addresses all the following issues at the same time:
to provide a formal language, and a corresponding formal semantics, which is suffi-
ciently general to express solution concepts like Nash Equilibrium or Iterated Deletion
of Strictly Dominated Strategies (IDSDS) and to deduce formally the epistemic and ra-
tionality conditions on which such solution concepts are based; to prove its soundness
and completeness; to study its computational properties like decidability and complex-
ity. In this paper, we try to fill this gap by proposing a sound and complete modal
logic for epistemic games interpreted on a Kripke-style semantics. We also provide
complexity results for our logic.

The remainder of the paper is organized as follows. In Section 2 we present our
modal logic of joint actions, preference and knowledge called EDLA (Epistemic Dy-
namic Logic of Agency). Section 3 is devoted to the analysis in EDL.A of the epistemic
conditions of Nash equilibrium and IDSDS. In Section 4 we make EDL.A dynamic
by extending it with constructions of Dynamic Epistemic Logic (DEL) [13], and we
show that this dynamic version of EDL.A allows to express IDSDS in a more compact
way than in the static EDLA. In Section 5 we show how our logical framework can
be applied to the analysis of strategic interaction with imperfect information about the
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game structure. Finally, in Section 6, we compare our approach with some existing
approaches to epistemic games in modal logic.

2 A logic of joint actions, knowledge and preferences

The logic EDLA (Epistemic Dynamic Logic of Agency) is an extension of the logic
DLA (Dynamic Logic of Agency) with modal operators for preference and knowledge
modalities. DLA itself, which was presented in [15, 18], extends dynamic logic by
a modal operator of historic possibility quantifying over possible joint actions of all
agents This operator is borrowed from STIT theory [4]. In [15, 18] the relationships
between DL.A and Coalition Logic (CL), and DL.A and STIT have been studied. We
will come back to this point in Section 2.3.

2.1 Syntax

The syntactic primitives of £DL.A are the finite set of agents Agt, the set of atomic for-
mulas A¢m and a nonempty finite set of atomic action names Act = {ay, as, ..., a) Act| }.

The language Lep .4 of the logic EDLA is given by the following BNF:

pu=plLl-pleVel|(ia)e| Op | Kip | [good]; ¢
where p ranges over Atm, a ranges over Act, and i ranges over Agt.

It is supposed that every agent performs exactly one action at a time, that all actions
are independent, that actions of different agents are performed in parallel and lead to
a unique successor state. Therefore the formula (i:a)p reads “i performs action a
and ¢ holds afterwards”, and (i:a) T reads “i performs a”. Note that this is slightly
different from the standard PDL reading “there is a possible execution of action a after
which ¢ holds”, which takes into account that there could be different executions of
the same action leading to different successor states. (i:a) T A (j:b) T means that ¢ and
7 respectively perform a and b in parallel.

The operator () quantifies over possible joint actions of all agents, that is, over
the strategy profiles of the current game (the terms “joint actions of all agents” and
“strategy profiles” are supposed here to be synonymous). {¢ reads “p holds for some
alternative strategy profile of the current game”, or simply “i is possibly true”.

The classical Boolean connectives A, —, «» and T (tautology) are defined from L,
V and — in the usual manner. Moreover, [i:a] ¢ abbreviates —(i:a)—p, (g abbreviates
={—p and Ritp abbreviates —K;—p. [ ¢ means “p is necessarily true”. Therefore
[i:a] L reads “¢ does not perform action a”, and [i:a]p reads “if ¢ performs a then
o holds afterwards. The following abbreviations are convenient to speak about joint
actions. Sets of agents are called coalitions, noted Cy,Cs, ... To every agent i € Agt
we associate the set of all possible ordered pairs i:a, that is, Act; = {i:a | a € Act}.
Besides, we note A the set of all joint actions of all agents (alias strategy profiles), that
is, A = HieAgt Act;.

Elements in A are n-tuples noted «, (3, v, d,... Given § € A, we note J; the
element in § corresponding to agent 4. Finally, we note ¢ = (d;);ecc the tuple which
consists of the vector of all §; for ¢ € C. Therefore d 44, = 6. Moreover, we write
0—i = dagi\{i}-

The following abbreviation will be useful to axiomatize EDL.A. For every § € A
and C C Agt: (dc)p & Njec(dj)¢- (dc)ep reads “the joint action dc is going to
be performed by coalition C and ¢ will be true afterwards”. For example, (i:a, j:b)p



abbreviates (i:a)¢ A (j:b)p, and stands for “the joint action (i:a, j:b) is going to be
performed, and ¢ will be true afterwards”. As usual [d¢] ¢ &f —(dc) .

Construction K; is read as usual “agent ¢ knows that ¢, whereas the construction
[good]; ¢ is read “i is true in all worlds which are for agent 7 at least as good as the
current one concerning the strategy profile that is chosen”. We define (good);( as an
abbreviation of — [good]; ~¢. Operators [good]; are used in EDLA to define agents’
preference orderings over the strategy profiles of the current game. Similar operators
are studied in [7, 6]. We use EKc ¢ as an abbreviation of ;. K;p, i.e. every agent in

C knows . Then we define by induction EK?;Q@ forall k € N: EKOCga &f @ and for all
E>1,EKE o def EKC(EK]é_lgo).We define for all n € N, MK as an abbreviation
of A\icr<n EK’égp. MK expresses C’s mutual knowledge that ¢ to n iterations, i.e.
everyone in C knows ¢, everyone in C' knows that everyone in C knows ¢, and so on
until level n.

2.2 Semantics

Frames are tuples ' = (W, R, ~, E, <) where:

e W is a nonempty set of possible worlds or states;

e R: Agt x Act — W x W maps every agent-action pair i:a to a transition
relation R;., C W x W between possible worlds;

e ~ is an equivalence relation on W;

E: Agt — W x W maps to every agent ¢ an equivalence relation F; on W,

o =<: Agt — W x W maps to every agent ¢ a reflexive and transitive relation =<;
on W.

It is convenient to use Rs. = [);cc Rs,;» and Rs. (w) = {w’ € W | wRs w'}.
If R;.q(w) # () then ¢ performs a at w. More generally, if Rs (w) # () then coalition
C performs joint action d¢ at w. If w' € Rs.(w) then world w’ results from the
performance of joint action d¢ by coalition C' at w.

If w' ~ w then w and w’ correspond to alternative strategy profiles of the same
game. For short, we say that w’ is alternative to w. Given a world w, we use the
notation ~(w) = {w’ | w’ ~ w} to denote the equivalence class made up of those
worlds which correspond to alternative strategy profiles of the game of which w is
part. Consider e.g. Agt = {1,2} and Act = {a,b}. In the frame in Fig. 1 we have
w1 ~ ws. This means that the strategy profile performed at wy (viz. {1:c, 1:¢)) and the
one performed at wo (viz. (1:¢, 1:d)) are alternative strategy profiles of the same game
defined by the equivalence class ~(wq) = {w1, wa, w3, ws}. For every C C Agt, if
there exists w’ € ~(w) such that C' performs d¢ at w’ then we say that d¢ is possible
at w (or d¢ can be performed at w).

wE;w’ means that, for agent 7, world w’ is (epistemically) possible at w, whilst
w =; w’ means that for agent i, world w’ is at least as good as world w. We write
w =; w iff w <; w’ and v’ <; w, and w <; w' iff w <; w’ and not w’ <; w.

Frames have to satisfy the semantic constraints S1-S9 in Table 1 in order to be
EDLA-frames. According to Constraint S1, for every world w there exists exactly
one successor of w, viz. the world resulting from the execution of the strategy profile
associated to w. According to the Constraints S2 and S3, every world is associated to



For every w,v,v’ € Wand 6,6’ € Aanda € Act andi € Agt, we have:

(S1) Ifv € Rs(w) and v’ € Rg/(w) thenv = v’;

(82) Usea Rs(w) # 0:

(S3) If & # &' then Rs(w) = 0 or Rsr (w) = 0;

(S4) If for every i € Agt there is v; such that v; ~ w and Ry, (v;) # 0 then there is a v such that v ~ w
and Rs(v) # 0;

(S5) Ifw ~ vand Rs(w) # 0 and Rs(v) # 0, then w = v;

(S6) If wE;v then Ri.q(w) # 0 iff Ry (v) # 0;

87) Ifw =<; vthenw ~ v;

(S8) Ifw ~vandw ~ v thenv <; v/ orv’ <; v;

(S9) IfwE;w’ thenw ~ w'.

Table 1: Semantic constraints over £D L A-frames

exactly one joint action of all agents (alias strategy profile). Note that constraints S1
and S2 together ensure that for every world w there is exactly one next (future) world.
According to the Constraint S4, if every individual action in a joint action  is possible
at w, then their simultaneous occurrence is also possible at w. We suppose determin-
ism for the joint actions of all agents: different worlds in an equivalence class ~ (w)
correspond to the occurrences of different strategy profiles (Constraint S5). Constraint
S6 just says that agents know what they are doing. This is a standard assumption in
interactive epistemology and epistemic analysis of games (see [9] for instance). We
also have two constraints over the relations <;. We suppose that a world w’ is for agent
i at least as good as w only if w’ is a world which is possible at w, i.e. only if w’ and w
correspond to alternative strategy profiles of the same game (Constraint S7). Further-
more, we suppose that every agent has a complete preference ordering over the strategy
profiles of the current game (Constraint S8).! Finally, we suppose perfect information
about the specification of the game, including the players’ strategy sets (or action reper-
toires) and the players’ preference ordering over strategy profiles. This assumption is
formally expressed by Constraint S9: if world w’ is epistemically possible for agent i at
w, then w and w’ correspond to alternative strategy profiles of the same game. Perfect
information about the structure of the game is a standard assumption in game theory.
In Section 5, this assumption will be relaxed in order to deal with realistic situations
in which an agent might be uncertain about his own utility and other agents’ utilities
associated to a certain strategy profile, as well as about his own action repertoire and
other agents’ action repertoires.

A frame F'is a EDLA-frame if F satisfies constraints S1-S9.

A EDLA-model is a couple M = (F,w) where F is a EDL.A-frame (satisfying
constraints S1-S9) and 7 : Atm — 2" is a valuation function.

Truth conditions for atomic formulas and the Boolean operators are standard. The
truth conditions for the modal operators are:

o M, wkE (i:a)p iff M,w' = ¢ for some w’ € R;.q(w);

o M, wlE Qp iff M,w' = ¢ for some w' € ~(w);

o M, wE K;p iff M,w' |= ¢ forall w’ such that wE;w';

o M,w |= [good], ¢ iff M, w’ |= ¢ for all w’ such that w =; w'.

INote that, given the properties of ~, S7 and S8 can be replaced by: ~ = <; U (=;) ™1



R4 skip Rz skip R, skip R, skip

Figure 1: The equivalence class {wy, wa, w3, w,} represents the classical Prisoner’s
Dilemma game [19]. At w; agent 1 and agent 2 cooperate, at w, they both defect, at
ws 1 cooperates and 2 defects, and at wo 1 defects and 2 cooperates. Red circles are
epistemic possibility relations for 1, green circles are epistemic possibility relations for
2 (1 and 2 know what they are going to do but are uncertain about the other’s action).

A formula ¢ is true in a EDLA-model M iff M, w = ¢ for every world w in M. ¢
is EDLA-valid (noted |= ) iff  is true in all EDL.A-models. ¢ is EDLA-satisfiable
iff = is not EDL.A-valid.

2.3 Axiomatization
We call EDLA the logic that is axiomatized by the principles given in Table 2. Note
that Axiom Indep is the EDL.A counterpart of the so-called axiom of independence
of agents of STIT logic [4]. This axiom allows to express the basic game theoretic
assumption that the set of strategy profiles of a game in strategic form is the cartesian
product of the sets of individual actions for the agents in Agt.

We write Fepra @ if ¢ is a theorem of EDLA. We can define in EDLA an
operator next of linear temporal logic: X &f Vsea (0)@. Due to Axioms Active and
Alt5), X obeys the standard validity X¢ < =X=p.

Theorem 1. EDLA is determined by the class of EDLA-frames.

Theorem 2. The satisfiability problem of EDLA is PSPACE-complete *.

It has been proved in [18] that the basic fragment of £DL.A without preference and
knowledge modalities embeds Coalition Logic (CL) [20]. In particular, CL cooperation

2You can find an basic implementation of a £DL.A-prover for two agents and two actions at http:
//www.irit.fr/~Francois.Schwarzentruber/publications/tark2009/



(CPL) All principles of classical propositional logic

(S50) All principles of modal logic S5 for [
Kiza) All principles of modal logic K for every [i:a]
(S5;) All principles of modal logic S5 for every K;
(S4(g00d),) All principles of modal logic S4 for every [good];
(Altg)) Sy — [0'] ¢
(Active) \/ T

deA
(Single) ()T — [8'] Lifs # ¢
(Indep) /\ OQ)T | — ()T

i€ Agt

(JointDet) (DT Ae) = 0UNHT — ¢)
(Aware) (1:a) T — K;(i:a) T
(Ind[good]i,l:l) Dtp - [gOOd]i »
(PrefConnect) O A O — O A (good)i1p) V O(¢ A (good) ;)
(PerfectInfo) Op — K

Table 2: Axiomatization of EDL.A

modalities of the form [C] can be reconstructed in our logic as follows.

ir([C19) = Viea (000) T AD((B0)T — X))
That is, the CL expression “coalition C' can enforce an outcome state satisfying ¢”
(noted [C] ¢) is translated in our logic as “there exists a joint action d¢ of the agents in
C such that the agents in C' can perform 0, and necessarily if the agents in C' perform
dc then ¢ will be true in the next state, no matter what the agents outside C do”.

It has also been shown in [15] that a slightly different variant of the logic presented
in this paper embeds Chellas’ STIT logic with agents and groups [17], under the hy-
pothesis that the number of agents’ choices is bounded. STIT logic has formulas of the
form [C' cstit: ] that are read “group C sees to it that ©”. To obtain this embedding, it is
sufficient to remove from EDL.A the Axiom of joint determinism JointDet and to add
an Axiom of the form (§)Qp — ¢(d)¢ which allows to capture the so-called semantic
property no choice between undivided histories on STIT frames (see [4]). The trans-
lation of STIT modalities of the form [C' cstit:] into our logic would be the following:

tr([C cstitig]) = Visea ((00) T AD(G)T — )
That is, the STIT expression “group C' sees to it that ¢” is translated into DLA as
“there exists a joint action d¢ of the agents in C' such that the agents in C' perform ¢,
and necessarily if the agents in C' perform ¢ then  will be true, no matter what the
agents outside C' do”.

3 A logical account of epistemic games
3.1 Best Response and Nash Equilibrium

The modal operators [good], and [J allow to capture in EDL.A a notion of comparative
goodness over formulas of the kind “y is for agent ¢ at least as good as ¢, noted

b <; ¢



def
Y <; ¢ = Uy — (good)ip).

1 <; ¢ is a total preorder: the formulas ¢ <; ¥, (1 <; ©2) A (p2 <; v3) — (p1 <4
w3) and (p1 <; @2) V (2 <; 1) are valid in EDLA. More details on this notion of
comparative goodness can be found in [6]. We note ¢ <; ¢ &f (W <; o) A (o <, 1)
and § <; &' & (5)T <; (5')T. Finally we note § <; &' & (5 <; 6') A (8" <; 9).

Some basic concepts of game theory can be expressed in EDLA in terms of com-
parative goodness. We first consider best response. Agent i’s action a is said to be
a best response to the other agents’ joint action J_;, noted BR(i:a,d_;), if and only
if ¢ cannot improve his utility by deciding to do something different from a while the

others choose the joint action d_;, that is:

BR(i:0,0 1) = Apenos (D)L A (6-)T) <; ((i:a)T A (5_5)T)).

Note that the following equivalence is valid in EDLA:
BR(#:a,0_;) < ([i:a] LA (0-:)T) <; ({i:a) T A(0—;)T).
Given a certain strategic game, the strategy profile (or joint action) ¢ is said to be a
Nash equilibrium if and only if for every agent ¢ € Agt, i’s action J; is a best response
to the other agents’ joint action d_;:
Nash(8) = A, ag¢ BR(G;,0-7).

From Axiom PerfectInfo and S5 for [J, the following theorems are provable ex-
pressing perfect information about the structure of the game, and in particular, perfect
information about the players’ preferences ordering over strategy profiles, perfect in-
formation about the existence of a Nash equilibrium, and perfect information about the
players’ repertoires: (v <; @) < MK (¢ <; ), Nash(d) < MK ,Nash(d) and
O0:) T = MK, 0(d;) T, for every n € N.

3.2 Epistemic rationality

The following £DL.A formula characterizes a notion of rationality which is commonly
supposed in epistemic analysis of games (see, e.g., [3, 5]):

Navenct ()T = Vien (Ril@-i) T A ((0-1,1:0) <i (0-1,7:0))) ).
This means that an agent 7 is rational if and only if, if he chooses a particular action
a then for every alternative action b, there exists a joint action §_; of the other agents
that he considers possible such that, playing a while the others play d_; is for i at least
as good as playing b while the others play §_;. As EDLA 6 <; § and K; (6 <; &)
are equivalent, the previous definition of rationality can be rewritten in the following

equivalent form:

def
Rati =

Navene (10T = Vien (Ril0-) T AK: ((0-4,:0) <i (3-4,:0)) ) ).
Theorem 3. For all i € Agt, we have:

(33-) l_gpﬁ_A Rati — KZ-Rati
(3b) Fepra —Rat; «— K;—Rat;

Theorem 3 highlights that the concepts of rationality and irrationality are introspec-
tive. The following theorem specifies some sufficient epistemic conditions for guaran-
teeing that the chosen strategy profile is a Nash equilibrium: if all agents are rational
and every agent knows the choices of the other agents, then the selected strategy profile
is a Nash equilibrium. A similar theorem has been stated for the first time in [1, 11].



Theorem 4. Foralln € N, forall § € A, we have:
"f,‘D[,.A ((/\iEAgt Rat,‘> A /\ieAgt Ki <5_1>T) — Nash(é)

3.3 [Iterated deletion of strictly dominated strategies

A strategy a for agent i is a strictly dominated strategy, noted SDSO(i:a), if and only
if, if a can be performed then there is another strategy b such that, no matter what joint
action ¢_; the other agents choose, playing b is for 7 strictly better than playing a:

SD="(i:a) o (t:a0) T —

\V <<><z’:b)T AN\ (00-3) — (0, i:a) < (54, i:b>))> .
bEAct seA

An example of strictly dominated strategy is cooperation in the Prisoners Dilemma
(PD) game: whether ones opponent chooses to cooperate or defect, defection yields
a higher payoff than cooperation. Therefore, a rational player will never play a dom-
inated strategy: whatever he believes his opponents will do, he will achieve a better
outcome if he plays a dominating strategy. So when trying to predict the behavior of
rational players, we can rule out all strictly dominated strategies. The so-called Iterated
Deletion of Strictly Dominated Strategies (IDSDS) (or iterated strict dominance) [19]
is a procedure that starts with the original game and, at each step, for every player ¢
removes from the game all ¢’s strictly dominated strategies, thereby generating a sub-
game of the original game, and that repeats this process again and again. IDSDS can be
inductively characterized in our logic £DL.A by defining a concept of strict dominance
in the subgame of depth at most n, noted SDS"(i:a). For every n > 1:

SD="(i:a) &f -SD=""!(i:a) —

\ <ﬁsofn-1<z':b> AN (FSDET N6 = (6 i) < <5_z-,z':b>>)> .

beAct SEA

where SD="(6¢) is an abbreviation of Viee SD=¥(§;) for every k > 0 and for every
d¢. According to this definition, a is a strictly dominated strategy for agent 4 in a sub-
game of depth at most n, noted SDS”(i:a), if and only if, if a is not strictly dominated
for 7 in all subgames of depth £ < n then there is another strategy b such that b is not
strictly dominated for 7 in all subgames of depth £ < n and, no matter what joint action
0, the other agents choose, if the elements in J_; are not dominated in all subgames
of depth k¥ < n then playing b is for ¢ strictly better than playing a. In other terms
SDS"(i:a) means that strategy i:a does not survive after n rounds of IDSDS. On the
contrary, ﬁSDS”(i:a) means that strategy ¢:a survives IDSDS until the subgame of
depth n+1.

It has been shown that common knowledge of rationality implies that players choose
strategies which survive IDSDS ([10, 9, 3, 11]). This latter principle can be derived in
our logic EDLA. According to the following Theorem 5, if there is mutual knowledge
of rationality among the players to n levels and the agents play the strategy profile §
then, for every agent i, §; survives IDSDS until the subgame of depth n—+1.

Theorem 5. Forall § € A, Fepra ((MKth /\ieAgt Rati) A <5>‘|’> N _|SD§7L(6)



4 Game transformation

We provide in this section an alternative and more compact characterization of the
procedure IDSDS in our logic EDLA. To this aim, we introduce special events whose
effect is to delete a strictly dominated strategy from the current game. These events are
similar to announcements in Dynamic Epistemic Logic (DEL) [13].

L an is the set of announcable formulas and is defined by the following BNF:

X =0y — [ita] L | x A x

where ¢ € Lepra, @ € Agt and a € Act. Thus, announcable formulas are of the
form ‘if property 1) (globally) holds in the current game, then action a should not be
performed by agent i’.

We extend the EDL.A language with announcements operators of the form [x!]
with x € Lan. We call EDLAAY the extended logic. The truth condition for [x!]¢
is:

M, w = [x!)eiff M,w = x implies MX,w = ¢

with:
MX = <WX7RXaNX7EX7 jX77TX>
* = |Ixlla

RY, = [Ria N (WX x W) U{(w,w) | Ria(w) # 0 & w € [X|lar & Rica(w) & [IxIIar}
= (WX x WX)
EX = E; N (WX x WX)
—=,; N(WX x WX)
m™(p) = 7(p) N WX

Thus, an event x! removes from every game ~ (w) in the model M all worlds in
which y is false. The same operation is applied for the agents’ epistemic accessibility
relations E; and preference orderings =<;. This ensures that the constraints S7 and S9
on EDLA frames will be preserved after the model transformation. Moreover, if v is
the world which results from the execution of a by ¢ at w, and w and v are not removed
from the model by the event y! then, after the occurrence of x!, v is still the world
which results from the execution of a by ¢ at w; if v is the world which results from
the execution of a by 7 at w, w is not removed from the model by the event ! and v
is removed then, after the occurrence of !, we impose that w itself is the world which
results from the execution of a by 4 at w. This ensures that the constraint S2 on EDLA
frames will be preserved after the model transformation.

Theorem 6. If M is a EDLA model then MX is a EDLA model.
We have reduction axioms for x! which guarantee the completeness of EDLAY .
Theorem 7. The following schemata are valid in EDLA™Y .
RI. [XJp< (x—p)

R2. [X!]=¢ < (x — ~[x!Y»)

R3. [X!](¢1 A p2) < (Xer A X p2)

R4. [x!]0¢ < (x — Oxlp)

R5. [XKip < (x — Ki[x!lg)

R6. [x!][good]; p < (x — [good]; [x!]¢)

R7. [X!|[iza] o < (=x V ([i:a] x A [iza] X)) V (= [iza] x A X))

R8.  Rule of replacement of proved equivalence



Theorem 8. The logic EDLAM is completely axiomatized by the axioms and infer-
ence rules of EDLA together with the schemata of Theorem 7.

Now, consider the following formula:
def

XD = Aicagt.ac et (OSD=(i:a) — [i:a] L).
The effect of xsp! is to delete from every game ~ (w) in the model M all worlds in
which a strictly dominated strategy is played by some agent. Note that ysp is equiva-
lent 0 A;e pgs.ac ac(SD=(i:a) — [i:a] 1).

As the following Theorem 9 highlights, the procedure IDSDS that we have char-
acterized in Section 3.3 in the static EDLA can be characterized in a more compact
way in & DLAMN. Suppose 0 is the selected strategy profile. Then, for every agent 4,
d; survives IDSDS until the subgame of depth n+1 if and only if, the event xsp! can
occur n+1 times in sequence.

Theorem 9. Forall § € A, foralln > 0,
Fepcarn (T = (=SD="(8) « (xso)"*'T).

Finally, here is a reformulation of Theorem 5 in £ DLAAN:

Theorem 10. For all n > 0, Fppp qan (MK’;,gt Aic age Rati) — (xsp!)" T,

5 Concluding remarks: imperfect information

Let us consider a more general class of games which includes strategic games with
imperfect information about the game structure. Apart from few exceptions (see, e.g.,
[14]), these games have been rarely explored. Indeed, most work in game theory as-
sumed that players have common knowledge of all relevant aspects of the game. We
are interested in verifying whether the results obtained in Sections 3.2 and 3.3 can be
generalized to this kind of games, that is:

1. Are rationality of every player and every agent’s knowledge about other agents’
choices still sufficient to ensure that the selected strategy profile is a Nash equi-
librium in a strategic game with imperfect information about the game structure?

2. Is mutual knowledge of rationality among the players still sufficient to ensure
that the selected strategy profile survives iterated deletion of dominated strategies
in a strategic game with imperfect information about the game structure?

To answer these questions, we have to remove Axiom PerfectInfo from EDL.A and the
corresponding semantic constraint S9 from the definition of EDL.A frames expressing
the hypothesis of perfect information about the game structure. We call EDLA™ the
resulting logic and EDLA*-frames the resulting class of frames. Then we have to
check whether Theorems 4 and 5 given in Sections 3.2 and 3.3 are still derivable in
EDLA".

We have a positive answer to the previous first question. Indeed, the formula

((Aicagi Rat) A Aicage Kitd-:)T) — Nash(s)

is derivable in EDLA*. But we have a negative answer to the second question. Indeed,
the following formula is invalid in EDLA" for every § € A and for every n € N such
that n > 0 (see Section A.11 in the Annex for a proof):

((MKzgt Ascye Rati) A <5)T) — ~SD="(5).

10



6 Related works

Although several modal logics of games in strategic forms have been proposed (see,
e.g., [16, 22]), few modal logics exist which support reasoning about epistemic (strate-
gic) games. Among them we should mention [12, 21, 9].

De Bruin [12] has developed a very rich logical framework which enables to rea-
son about the epistemic aspects of strategic games and of extensive games. His system
deals with several game-theoretic concepts like the concepts of knowledge, rational-
ity, Nash equilibrium, iterated strict dominance, backward induction. Nevertheless, de
Bruin’s approach differs on many points from our approach. First of all, our logical ap-
proach to epistemic games is minimalistic since it relies on few primitive concepts and
corresponding modal operators for knowledge, action, historical necessity and prefer-
ence. All other notions such Nash equilibrium, rationality, iterated strict dominance are
defined by means of these four primitive concepts. On the contrary, in de Bruin’s logic
all those notions are atomic propositions managed by a ad hoc axiomatization (see, e.g.,
[12, pp. 61,65] where special propositions for rationality and iterated strict dominance
are introduced). Secondly, we provide a semantics and a complete axiomatics for our
logic of epistemic games. De Bruin’s approach is purely syntactic: no model-theoretic
analysis of games is proposed nor completeness result for the proposed logic is given.
Finally, de Bruin does not provide any complexity results about his logic while we
prove that the satisfiability problem of a formula in our logic is PSPACE-complete.

Roy [21] has recently proposed a modal logic integrating preferences, knowledge
and intentions. In his approach every world in a model is associated to a nominal which
directly refers to a strategy profile in a strategic game. This approach is however limited
in expressing formally the structure of a strategic game. In particular, in Roy’s logic
there is no principle like the EDL.A Axiom Indep explaining how possible actions
0; of individual agents are combined to form a strategy profile J of the current game.
Another limitation of Roy’s approach is that it does not allow to express the concept of
(weak) rationality that we have been able to define in Section 3.2 (see [21, pp. 101]). As
discussed in the previous sections this is a crucial concept in interactive epistemology
since it is used for giving epistemic justifications of several solution concepts like Nash
equilibrium and IDSDS (see Theorems 4 and 5).

Bonanno [9] integrates modal operators for belief, common belief with construc-
tions expressing agents’ preferences over individual actions and strategy profiles, and
apply them to the semantic characterization of solution concepts like Iterated Deletion
of Strictly Dominated Strategies (IDSDS) and Iterated Deletion of Inferior Profiles
(IDIP). As in [21], in Bonanno’s logic every world in a model corresponds to a strat-
egy profile of the current game. Although this logic allows to express the concept of
weak rationality, it is not sufficiently general to enable to express in the object language
solution concepts like Nash equilibrium and IDSDS (note that the latter is defined by
Bonanno only in the metalanguage).

It is to be noted that, differently from EDLA, most modal logics of epistemic
games in strategic form (included Roy’s logic and Bonanno’s logic) postulate a one-to-
one correspondence between models and games (i.e. every model of the logic corre-
sponds to a unique strategic game, and worlds in the model are all strategy profiles of
this game). Such an assumption is quite restrictive since it prevents from analyzing in
the logic games with imperfect information about the game structure in which an agent
can imagine alternative games. As shown in Section 5, this is something we can do in
our logical framework by removing Axiom PerfectInfo from EDLA.

Before concluding this section about related works it is to be noted that the ap-
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proach to game dynamics based on Dynamic Epistemic Logic (DEL) we proposed in
Section 4 is inspired by [5] in which strategic equilibrium is defined by fixed-points of
operations of repeated announcement of suitable epistemic statements and rationality
assertions. However, the analysis of epistemic games proposed in [5] is mainly seman-
tical and the author does not provide a full-fledged modal language for epistemic games
which allows to express in the object language solution concepts like Nash Equilibrium
or IDSDS, and the concept of rationality. Moreover, van Benthem’s analysis does not
include any completeness result for the proposed framework and there is no proposal
of reduction axioms for a combination of DEL with a static logic of epistemic games.
On the contrary, these two aspects are central in our analysis.
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A ANNEX: Proofs of some theorems

We add this long annex since it may be useful for evaluating our work. Indeed, some
of the proofs are not straightforward. However, if our submission will be accepted, the
annex can be partially removed from the final version without affecting the contribution
of the paper.

A.1 Proof of Theorem 1
EDLA is determined by the class of EDL.A-frames.

Proof. All axioms of EDL.A are in the Sahlqvist class. Using the Sahlqvist algorithm
it is routine to prove that the Axioms Alt[(g], Active, Single, Indep, JointDet, Aware,
Incljgooq),, 00, PrefConnect and PerfectInfo of EDLA respectively correspond to the
constraints S1, S2, S3, S4, S5, S6, S7, S8 and S9. Completeness of £DL.A then follows
from Sahlqvist’s completeness theorem, cf. [8, Th. 2.42]. O

A.2 Proof of Theorem 2

We give here a sketch of proof. The Theorem 2 is implied by two facts:
Proposition 1. The satisfiability problem of EDLA is PSPACE-hard.

Proof. Consider B the logic of the class of infinite binary trees. The logic B is
PSPACE-complete (we leave to the reader the adaptation of the proof given in [8]).
Then the idea is that we can simulate binary trees with one agent and two actions. Let
(o a B-formula. We define a translation ¢r from the language of B to the language of
EDLAby:

tr(p) = D[Aiemd(¢)(XD)i[atmosta1agforagentl/\justactionalforagentl]/\

tri(yp)
where:

e atmostaias foragentl = /\je{3,...,n} [1:a;]L;

e justactiona foragentl = /\ieAgt,iqﬂ /\jE{Q,.A.,n} [i:a;]L;
o ir1(OY) = OXtr(¥);

o X¢p=Vicpa(la)y.

We can prove that ¢ is B-sat iff ¢r(p) is EDLA-sat.

Proposition 2. The satisfiability problem of EDLA is PSPACE.

Proof. e First, the satisfiability problem of the fragment of £EDL.A without time
(we only consider formulas ¢ where all subformulas of the form [i:a]y implies
1 = 1), is NP-complete. Indeed, we can prove that if a formula is satisfiable it
is in a model where the size is bounded by card(Act)“™ 49"

e Finally we can prove that there exists an deep first search algorithm running in
PSPACE. The idea is the same than in [2].
O
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A.3 Proof of Theorem 3a
For all i € Agt, we have: Fep, 4 Rat; < K;Rat;

Proof. Rat; is equivalent to
Napener ()T = Vpea (RilB)T A ((Bivich) <i (B_i.ica)))
which is equivalent to
Napeact(Kilizal LV V gen Ki(Ki(B-i) T A ((B-i,1:b) <; (B-i,i:a)))),
by classical principles of propositional logic, Axiom 5 for K;, and the two EDLA
theorems (8’ <; ) < K; (3 <; B) and [i:a] L < K, [i:a] L.
The latter implies
Auvenet Killiza] LV V gen (RilB-) T A ((Bs, i) <4 (B_i,i:0))),
by standard principles of normal modal logic. By standard principles of normal modal
logic, the latter is equivalent to
Ki Aapeace([i:a] LV V gea (Ki{B-i) T A ((B-i,itb) <; (B, i:a)))).
This is equivalent to K;Rat;. O

A.4 Proof of Theorem 4

Foralln € N, for all § € A, we have:
"f,‘DL.A ((/\iEAgt Rat,‘> A\ /\ieAgt Kt<5_1>T) — Nash(é)

Proof. Letus take a EDL.A-model M and a world w such that M, w = (A
Nic agt Ki(d—i) T). Now, let us prove that M, w = Nash(d).

Let i € Agt and let us prove that M, w = BR(4;,0_,;).

More precisely, we have to prove that M, w | ([6;] L A (6_)T) <; ({(6;)T A
(0-)T).

Let j # i. We have K;(—5)T, so M, w [= (6;) T by Axiom T for K;. As M, w |=
Rat;, we then have M, w = Ayc aer Vipen (Ki(B—i) T A ((B=isi:b) <i (B-i,04)))).
That is to say for all b € Act, there exists 5 € A such that M, w |= Riw,i)T A
((B=isi:b) <; (B—i,02)).

But, we have K;(6_;)T. So forall b € Act, B_; = 0_;.

So we have M,w = Ayca((B—i,i:b) <; (B_i,0;)). This is equivalent to

i€ Agt Rati A

a

A.5 Proof of Theorem 5
Forall 6 € A, Fepea ((MK;;gt Aic agt Rati) A <6>T) — —~SD<"(6)
Proof. We are going to prove the theorem by induction on n.

e Let us begin to prove the theorem for n = 0. Let us take a EDL.A-model M
and a world w such that M, w = A Rat; A (§) T. By definition of Rat;, we

i€Agt
have:
M b= e Aeaer (Vioea (RilB-T A8 i8) < (5,5 81))))
This implies:

M;w ': /\iEAgt /\beAct (VﬁeA (<><ﬁ—1>—|— A <6—iai:b> < <ﬂ—ivi : 52>))’ by

Axiom PerfectInfo.
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Furthermore, we have M, w = A\;c2,:(6:) T. So, M, w = N\;c a0 -SD=0(¢;)
and M, w = -SD=°(5).
So

Fepea | /\ Rati A (6)T | = =SD=0(5).
i€ Agt

e Now, let n € N and let us prove that if the theorem 5 is true for all k£ < n then it
is true for n+ 1. Let us take a EDL.A-model M and a world w such that M, w =

(MKZ‘JQQ1 Nicagt Rati) A (8)T. We have to prove M, w = —-SD=""(¢). That
is to say, we have to prove that for all i € Agt, M, w = -SD=""1(§;).

—SD="H(5;) = —SD="(8:)A

A (-5 ) =\ (5SD=(B-0) A (B ish) <i (5-4,60))

beAct BEA

First, as M, w = (MK’}{; Nic age Rati)A(6) T wealso have M, w = (MK gy A;c 4, Rati)A
(8)T. So by applying Theorem 5 for . we have M, w = ~SD="(4;).

It remains to be proven M, w = /\beAct(ﬂSDS"(i:b) — \/BGA(—'SDgn(ﬂ_i)/\

((B=i,i:b) <i (B—i,6:))))-

In fact, we are going to prove something less strong:

M,w = Nyenr Ven(-SD="(B2i) A ((Biyich) < (B, i:0:))).

But, we have M, w |= Rat; A ())T. So, M,w = Nyeger Vgea (Ki(B—i) T A
((B=i,izb) <i (B4, 0:)))-

The only thing which remains to proven is that we have ‘ﬂSDS"(ﬂ_i) .

o~

But for all b € Act, there exists 3 € A such that M,w | Ki{(8_,)T A
((B=iyi:b) <i (B4, 04))))-
For all b € Act, there exists a world w such that wE;u and M, u = (8_;)T. As

M,w = MKZ‘L1 Nie ag: Rati, wehave forall k < n, M, u = MK’th Nic ag: Rat.

The Theorem 5 is supposed to be true by induction for n.so M, u = =SD="(5_;).
But as = ~SD="(5_;) < O-SD="(B_;), and as E; C~ (constraint S9), we
have M, w = ~SD="(j3_;), this for all b € Agt.

O

A.6 Proof of Theorem 6
If M is a EDLA model then MX is a EDL.A model.

Proof. Tt is just a routine to verify that ~X and every E are equivalence relations,
every jﬁ‘ is reflexive and transitive, and the model M X satisfies the constraints S7,
S8 and S9. The constraints S1, S2, S3, S5 on MX follow straightforwardly from the
definition of RY,.

Let us prove that M X satisfies constraints S4 and S6.

15



We first prove that M X satisfies constraint S4. We introduce the following useful
notation. Suppose X1, X2 € Lan. Then, xo ~> xs iff there is x5 € L 4 such that
X1 = X2 A X3.

Now, suppose for every i € Agt there is v; such that v; ~X w and R (v;) # 0. It
follows that for every i € Agt there is v; such that v; ~ w and Ry, (v;) # (). The latter
implies that there is v such that v ~ w and Rs(v) # () (by the semantic constraint S4).
Now, suppose for all v’ if v/ ~X w then R} (v") = (. It follows that: there is i € Agt
and ¢ € Lepr.a such that ¢y — [6;] L ~» x and M, v |= ). The latter implies that
there is ¢ € Agt and ¢ € Lgpr.a such that Oy — [§;] L ~~ x and for all v/ ~ w,
M, v" |= Oip. We conclude that there is no v; ~X w such that R (v;) # () which leads
to a contradiction.

We now consider constraint S6. Suppose wEXv and R}, (w) # 0. It follows that
wkE;v and R;.,(w) # () which implies R;.,(v) # 0, because M satisfies constraint S6.
The latter implies R, (v) # 0. Now, suppose wEXv and R, (v) # 0. It follows that
wkE;v and R;.,(v) # 0 which implies R;.,(w) # 0, because M satisfies constraint S6.
The latter implies R, (w) # 0.

O

A.7 Proof of Theorem 7

Proof. The proofs of reduction axioms R1-R6 and of rule R8 go as in DEL (see [13]).
We here prove reduction axiom R7.
CASE 1. — and [x!]L are equivalent in EDLA?Y . Therefore,

(A) —~x — (Y] [i:a] ¢ = =x)

is valid in EDLAMN.

CASE 2. Let us suppose M, w |= [i:a] x A x.

M, w = [X!] [iza] ¢

IFF if M, w |= x then MX, w = [i:a] ¢

IFF if M, w |= x then, if v € RY_ (w) then MX, v = ¢

IFF if M, w |= x then, if v € R;.,(w) then MX v = ¢

(because M, w = [iza] x A x implies RY,(w) = R;.q(w)),

IFF if M, w |= x then, if v € R;.q(w) then MX, v |= p and M, v |= x
(by M, w |= [i:a] ),

IFF if M, w |= x then, if v € R;.o(w) then M, v = [x!]¢ and M, v |= x
IFF if M, w |= x then M, w |= [i:a] ([x!]¢ A x)

IFFif M, w = x — ([i:a] ([\!]¢ A x)

IFF if M, w = x — [i:a] [X!]p

(by the hypothesis M, w = [i:a] x).

This proves that ([i:a] xAx) — ([x!] [i:a] ¢ < (x — [i:a] [x!]p)) is valid in EDLAN .
It follows that

B) ([i:a] x Ax) — (XY [i:a] ¢ < [iza] [XV]p)

is valid in EDLAY too.

CASE 3. Let us suppose M,w = —[i:a] x A x which is equivalent to M,w =
(i:a)=x A X.

M, w = [X!] [i:a] ¢

IFF if M, w |= x then MX, w = [i:a] ¢

IFF if M, w = x then, if v € R}, (w) then MX,v |= ¢
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IFF if M, w = x then MX, w |= ¢

(because M, w = (i:a)—x A x implies R, (w) = {w}),
IFF if M, w |= x then MX, w |= ¢ and M, w |= x

(by the hypothesis M, w = x),

IFF if M, w = x then MX, w |= [x!]¢

IFFif M,w = x — [x!]¢

IFF if M, w = [x!]¢

(by the hypothesis M, w = x). Therefore

(©) (—[izal x Ax) — (XY [izal ¢ < [xYe)

is valid in EDLAAN.
From the previous three EDLAMY validities A, B and C it follows that:
X! [iza] @ (=x V ([iza] x A [iza] [XY@) V (= [i:a] x A [XYe))

is valid in EDLAY .

A.8 Proof of Theorem 8

The logic EDLA?Y is completely axiomatized by the axioms and inference rules of
EDLA together with the schemata of Theorem 7.

Proof. By means of the principles R1-R8 in Theorem 7, it is straightforward to prove
that for every EDLAY formula there is an equivalent EDL.A formula. In fact, each
reduction axiom R2-R7, when applied from the left to the right by means of the rule
of replacement of proved equivalence R8, yields a simpler formula, where ’simpler’
roughly speaking means that the dynamic operator is pushed inwards. Once the dy-
namic operator attains an atom it is eliminated by the equivalence R1. Hence, the
completeness of £ DLAM isa straightforward consequence of Theorem 1. a

A.9 Proof of Theorem 9

Forall 6 € A, forall n > 0,
Fepears ()T — (-SD="(8) < (xsp!)" ' T).

Proof. We are going first to prove the theorem by induction.

Let us begin to prove the case n = 0. Let M, w be a EDL.A-pointed-model such
that M, w }= (8)T. M,w }= -SD="(§) means that for all i € Agt, we have M,w =
—-SD=0(¢;). It is equivalent to: for all i € Agt, foralla € Act, M,w = SD=C(i:a) —
[i:a] L (indeed, if a = &;, we have M, w = —=SD="(4;) and if a # &;, we have M, w =
[i:a] L). So itis equivalent to M, w = xsp which is equivalent to M, w = (xsp!) T.

Now, we suppose the theorem true for n — 1. We suppose that

Fepraan (6)T — (ﬁ5D§n71(5) - <XSD!>nT) (*)

Lemma 1. Let M, w a EDLA-pointed model. Let i € Agt. There exists a € Act such
that M = -SD="(i:a).
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Proof. By contradiction. Suppose for all a € Act, we have M, w = SD=%(i:a). Let
B € A. Leta; € Act such that M, w = O(iza1) T. We have M, w = SD=%(i:a;). We
recall the definition of SD=°(i:a, ):

SD=(i:a1) & (izay) T —

\/ ((}(z’:a2>T A\ /\ (<><5—z> — ((6_i,i:a1> <; <5_i,i:a2)))).
as€Act SEA

By definition of SDSO(i:al), there exists ag € Act such that (§_;,i:a1) <; (0_;,i:a2).
We have M, w = SD=C(i:a5). So we can find a3 such that M, w = (§_;, izas) <;
(0_;,1:a3). We continue the process and we define a sequence of actions a1, ag, as, . . .
such that forall j > 1, M, w |= (0_;,i:a;) <; (0—;,4:aj4+1). But Act is finite, so there
exists k£ > 1 such that a; = ay. By transitivity of <;, we have M, w = (§_;,i:a1) <;

(0_;,1:ar). This is not possible.
O

Lemma 2. Foralli € Agt, forall a € Act,

M, w = =SD=(iza) iff M*® w k= O(i:a)T.
e foralln > 0, we have:

M,w = =SD=""(i:a) iff MX° w = ~SD="(i:a).

Proof. e Consider a pointed-model M, w such that M, w = ~SD=°(i:a). Thus,
by definition of =SD="(i:a), we have M, w = {(i:a) T. According to Lemma
1 we have for all j # 4 the existence of ; such that M,w = —-SD="(§;). We
define § as §; = i:a and §; = (3; for all j # . So, by the semantic constraint S4,
there exists a point u where M, u = (6)T. The world u is not removed by the
event ysp!. Thus, we have MX0 v |= (i:a)T.

If M, w |= SD=(i:a), then all worlds w in which M, w |= (i:a)T are removed
because ysp is false in w. So MX® w = O(ia)T.

e The second point is the induction case. You can read the first case as the initial
case of induction by defining ~SD=""(i:a) &f Oi:a) T.
Letn € N. Suppose that we have M = —SD="(i:a) iff MXs® = -SD=""'(i:a).
We leave to the reader checking that the latter implies M = —SD=<""1(i:qa) iff MXs> |=
—SD="(i:a).
O

Let M, w be a EDL.A-pointed-model such that M, w = (§)T. If M, w = -SD="(5)
then M, w = =SD=°(8). So, M, w = (xsp!) T, and w remains in MXs>.

As M,w = =SD="(4), the lemma gives us MXs® w = ~SD=""1(§). Now we
are going to apply the induction hypothesis (*). We obtain MXs® w = (yxsp!)" T. So
M,w = (xsp!)" 1T,

If M,w = (xsp!)" "' T, we have also M, w = (xsp!)T. So w remains in MXs>.
By applying Lemma 2 and induction hypothesis (*), we obtain M, w = =SD=""1(§).
Finally, M, w = ~SD="(4).

O
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A.10 Proof of Theorem 10.
Foralln > 0, Fepgans (MKl Aeay: Rati) = (xso!)"'T.

Proof. By Theorem 5 and 9. Indeed, let M,w a EDLA-pointed-model such that
M, w = MK}, A\ic ag: Rat;. There exists § € A such that M, w = (§) T. Theorem 5

gives M, w = =SD="(§). Theorem 9 gives M, w = ~SD="(8) < (xsp!)" "' T. So,
M,w k= (xsp!)" ' T. 0

A.11 Note on imperfect information about game structure

The following formula is invalid in EDL.A" for every 6 € A and for every n € N such
that n > 0:
(MK Aieage Rati) A (9)T) — ~SD="().

Proof. We suppose Agt = {1,2} and we exhibit in Figure 2 a EDLA*-model M
and a world wy in M in which for all n, (MKY; 53 ;e 2y Rati) A (1:main) T A

SD='(1:main) is true. O

W5 =1W =1 W, =1 Wy

Ws=,Wg =W, =,W,

W, =1 W,
Wi, W< W,

W, =W, W, =W,
W1<\W3

Figure 2: Alarm Game. Again red circles represent epistemic possibility relations for
agent 1 whereas green circles represent epistemic possibility relations for agent 2. The
two equivalence classes ~(w1) = {wy, we, w3, ws} and ~(ws) = {ws, we, wr, ws}
correspond to two different games where agents have different preference ordering over
strategy profiles.
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SCENARIO DESCRIPTION. We call Alarm Game the scenario represented by the model
in Fig. 2. Agent 1 is a thief who intends to burgle agent 2’s apartment. Agent 1 can
enter the apartment either by the main door or by the back door (action 1:main or action
1:back). Agent 2 has two actions available. Either he does nothing (action 2:skip) or
he follows a security procedure (action 2:proc) which consists in locking the two doors
and in activating a surveillance camera on the main door. Entering the apartment by
the main door when agent 2 does nothing (i.e. the strategy profile (1:main, 2:skip)
executed at world w-) and entering by the back door when agent 2 does nothing (i.e. the
strategy profile (1:back, 2:skip) executed at world w,) are for agent 1 the best situations
and are for him equally preferable. Indeed, in both cases agent 1 will successfully enter
and burgle the apartment. On the contrary, trying to enter the apartment by the back
door when 2 follows the security procedure (i.e. the strategy profile (1:back, 2:proc)
executed at world ws3) is for 1 strictly better than trying to enter by the main door when
2 follows the security procedure (i.e. the strategy profile (1:main, 2:proc) executed
at world w1). Indeed, in the former case agent 1 will be simply unable to burgle the
apartment, in the latter case not only he will be unable to burgle the apartment but also
he will disclose his identity. The two possible situations in which agent 1 does not
succeed in burgling the apartment (worlds w; and ws) are equally preferable for agent
2 and are for 2 strictly better than the situations in which agent 1 successfully burgles
the apartment (worlds wo and wy).

At world w; agent 1 enters by the main door while agent 2 follows the security pro-
cedure. This is the only world in the model M in which agent 1 has some uncertainty.
Indeed, in this world agent 1 can imagine the alternative game defined by the equiva-
lence class ~(ws) = {ws, we, w7, wg } in which he enters by the back door while agent
2 does nothing (world wg). We suppose that in such a game, even if agent 2 follows
the security procedure, agent 1 will succeed in burgling his apartment. This is the rea-
son why the four strategy profiles (1:main, 2:skip), (1:back, 2:skip), (1:main, 2:proc)
and (1:back, 2:proc) are equally preferable for the two agents.
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