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Abstract

We study the semantics of knowledge in strategic
reasoning. Most existing works either implicitly as-
sume that agents do not know one another’s strate-
gies, or that all strategies are known to all; and
some works present inconsistent mixes of both fea-
tures. We put forward a novel semantics for Strat-
egy Logic with Knowledge that cleanly models
whose strategies each agent knows. We study how
adopting this semantics impacts agents’ knowledge
and strategic ability, as well as the complexity of
the model-checking problem.

1 Introduction

Reasoning about strategic abilities of agents and groups of
agents is a topic of great interest in the formal study of multi-
agent systems. To that end many logics have been introduced,
such as Game Logic [Pauly and Parikh, 20031, STIT [Herzig
and Lorini, 2010], and ATL [Alur et al., 2002].

Among these logics, Strategy Logic (SL) [Chatterjee er al.,
2010; Mogavero et al., 2014] has proved very successful in
recent years, as it combines a natural syntax with high ex-
pressive power that allow it to easily express complex game-
theoretic notions such as existence of Nash equilibria. Its
model checking problem is decidable, and model-checking
algorithms can usually be used to synthesize strategies that
satisfy a given specification. Because imperfect informa-
tion is a crucial aspect of multi-agent systems, SL has re-
cently been extended to take into account imperfect informa-
tion [Berthon et al., 2021] and allow for epistemic reason-
ing [Maubert and Murano, 2018; Belardinelli et al., 2020].

As discussed in [Maubert and Murano, 2018], defining the
semantics of knowledge in a strategic context involves sub-
tleties with far-reaching consequences, that have often gone
unheeded. Two semantics exist in the literature, and most
works adopt one or the other without mentioning it. One
corresponds to agents that do not know each other’s strate-
gies (called uninformed semantics in [Maubert and Murano,
2018]), while the other corresponds to agents who know ev-
eryone’s strategies (informed semantics). The former is used
in all existing epistemic extensions of ATL and SL (e.g.,
[van der Hoek and Wooldridge, 2003; Jamroga and van der
Hoek, 2004; Guelev et al., 2011; Belardinelli et al., 2017b]),
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while the latter is adopted in works on distributed synthe-
sis [van der Meyden and Wilke, 2005] and knowledge-based
policies in POMDPs [Saffidine et al., 2018].

Intuitively, the uninformed semantics corresponds to situa-
tions where agents do not collaborate, or cannot communicate
information about their strategies, and have no a priori knowl-
edge of how other agents behave. On the other hand, the in-
formed semantics corresponds to situations where the strate-
gies followed by each agent are common knowledge. Know-
ing others’ strategies gives additional power to agents, as it
allows them to infer more information than what they learn
from their observations alone. One can think for instance of
the Hanabi card game, where by knowing how other players
choose their actions, one can interpret them and infer valu-
able information. However, this refined notion of knowledge
comes at a price in terms of computational complexity.

Indeed some problems are decidable with the uninformed
semantics and undecidable with the informed one. This is
the case for distributed synthesis. This central problem in
multi-agent systems is, in general, undecidable, already for
simple reachability objectives without epistemic content [Pe-
terson et al., 2001]. But it becomes decidable if there is a hi-
erarchy of information among agents, or when all actions are
observed similarly by all agents (see [Berthon et al., 2021] for
a discussion). When objectives are no longer purely tempo-
ral but can also refer to knowledge, distributed synthesis for
systems with hierarchical information remains decidable with
the uninformed semantics of knowledge [Puchala, 2010], but
it becomes undecidable for the informed semantics [van der
Meyden and Wilke, 2005]. This gives even more reason to
consider carefully, when studying a system, the assumptions
made on the knowledge agents have of each other’s strategies.

Part of these results have been generalized to logics for
strategic reasoning that capture distributed synthesis, but only
for the uninformed semantics. Decidability has been gener-
alized to an epistemic extension of SL in the case of hierar-
chical information [Maubert and Murano, 2018], and decid-
ability in the case of public actions has been generalized to
epistemic extensions of ATL [Belardinelli ef al., 2017b] and
SL [Belardinelli et al., 2020]. However no result exists for the
informed semantics which, as far as we know, has never been
formalized in the context of logics for strategic reasoning.

Contribution. We address this issue and propose a novel
semantics of SL with imperfect information and epistemic
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operators (SLK) in which one can specify, for each agent,
the set of agents whose strategy she is informed of. This
allows us to capture the case where all agents know every-
one’s strategies (informed semantics) and the case where no
one knows anyone else’s strategy (uninformed semantics), as
well as intermediate situations (for instance, some agents may
be allowed to privately communicate their strategies). We il-
lustrate in detail the impact that knowing others’ strategies
has on the agents’ knowledge as well as on their strategiz-
ing power. Doing so, we also shed light on an inconsistency
in existing semantics of SL with knowledge, which is solved
by our semantics. We then show that for the new semantics,
model checking SLK is already undecidable under hierarchi-
cal information, but is decidable when all actions are public.

2 SLK with Informed Semantics

Fix AP a finite set of atomic propositions, Ag a finite set of
agents, and Var a finite set of variables.

2.1 Syntax

We consider the flat fragment of SL with Boolean Goals [Mo-
gavero et al., 2014] extended with knowledge operators. This
simple syntax allows us to focus on the most important as-
pects of the new semantics, avoiding technical issues that
would arise with the full syntax of SL and diminish the clarity
of the exposition (see Remark 2 for more detail).

Definition 1. The syntax of SLK;,¢[BG] is given by the fol-
lowing grammar:

O=35.0 |- |DVD|0
0= (Ag,5)p|0]0VEO
p=rlwleVel|Xo|pUp| Kap

where p € AP, s € Var, 5 € Ag — Varx {(),[]} anda € Ag.

X and U are the temporal operators “next” and “until”, Is
is the existential quantifier on strategies, and K, is the in-
dividual knowledge operator for agent a. The group binding
(Ag, 5) assigns to each agent a strategy variable and a symbol
indicating how the uniformity constraint should be treated.
Intuitively, () (resp. []) indicates a strategy that was quantified
existentially (resp. universally). We may write a group bind-
ing as a sequence of individual bindings (a1, s1) . . . [an, Sn]s
where symbols () and [] are split and used as delimiters.

We use abbreviations T = pV —p, L=-Tand ¢ — ¢’ =
- V ¢’ for boolean connectives, F'p = TUp, G = ~F-p
for temporal operators, and finally Vs.¢o = —3s.—¢.

A variable s appears free in a formula ¢ if it appears out of
the scope of a strategy quantifier, and an agent a appears free
in ¢ if a temporal operator (either X or U) appears in ¢ out
of the scope of any binding (in which case all agents are free,
since group bindings treat all agents at once). We let free ()
be the set of variables and players that appear free in ¢. If
free () is empty, ¢ is a sentence.

2.2 Models

We present concurrent game structures with imperfect infor-
mation on both positions and actions. Towards our definition
of the informed semantics, we specify for each agent a a set
of agents A, whose strategies agent a is informed of.

Definition 2. A concurrent game structure (CGS) is a tu-
ple g = (AC, ‘/7 Ea é’ ‘/L? {Na}aeAga {AU«}O«EAg) where Ac
is a finite set of actions, V is a finite set of positions, E :
V x Ac™ — V is a transition function, 0 : V — 24P is
a valuation function, V, C V 1is a set of initial positions,
~q C (V x V) U (Ac x Ac) is an equivalence relation called
an observation relation, and A, C Ag is the set of agents
whose strategies agent a is informed of.

As in [Puchala, 2010] we consider equivalence relations
on positions and actions. This, together with the inclusion
of actions in histories (see below), allows us to model public
actions in a very natural way.

Joint actions. In a position v € V, each player a chooses
an action o® € Ac and the game proceeds to position
E(v,a), where o € Ac™® stands for the joint action
(a*)qeag. Given a joint action a = (a%)qeag and a € Ag,

we let a® = .

Histories, plays and strategies. A history (resp. play) is a
finite (resp. infinite) sequence of positions and joint actions
P = VoQ1V] . .. Qp U, (resp. ™ = vox1vy . . .) such that vy €
V, and for all ¢ with 0 < i < n (resp. ¢ > 0), E(v;, a;11) =
v;4+1. For a history p = vga1v1 . . . v, we letlast(p) = v,
and |p| = n. For aplay 7 = vgaxjvy ... and ¢ > 0, we write
T<i = Vg ...oyv; for its prefix history ending at position .
We define p<; similarly for histories p when i < |p|. We
let Hist be the set of histories. A strategy is a function o :
Hist — Ac, and we let Str be the set of all strategies.

Assignments. An assignment x : AgU Var — Stris a
partial function assigning strategies to agents and variables.
Given a tuple of strategies & € Str*¢, y[Ag +— 5] is the as-
signment that maps each agent a to %, and is equal to x on
variables; similarly, x[s + o] is the assignment that maps
variable s to o and is otherwise equal to x. When y is de-
fined for all agents and variables we call it tofal. Given a total
assignment y and a set of agents A C Ag, we let x [4 be
the restriction of x to A U Var. A history p = vy . .. avy,
is consistent with x if, for every ¢ < n and agent a in the
domain of x, af | = x(a)(p<i)-

Outcomes. For a total agent assignment  and a history p,
we let Out(y, p) be the only play 7 that extends p consistently
with x: T = p-a1v1 205 ... where forallt > Oand a € Ag,
oty = x(a)(m<|pti) and vip1 = E(vi, ait1).
Indistinguishability. Two positions v, v’ are indistinguish-
able to agent a if v ~, v’, and similarly for actions. Two
joint actions «x and 3 are indistinguishable to agent a, written
a ~, (3, if they are component-wise indistinguishable, i.e.,
if a® ~, B° foreach b € Ag.

Synchronous perfect recall. We consider agents that re-
member their observations of all past positions and actions.
Each observation relation ~, is thus extended to histories
as follows: given two histories p = vpa ...V, and
Pl =uviod .. al v, we write p ~, p if m = n, v; ~q U

foralli € {0,...,n}, and a; ~, @} foralli € {1,...,n}.

2.3 Informed Semantics
We now define the informed semantics.
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Informed perfect recall. To model agents that know some
of the agents’ strategies, we refine the observation relation on
histories as follows. Let x be a total assignment, a an agent
and A, the subset of agents whose strategies a knows. Two
histories p and p’ are indistinguishable for agent a, written
p ~X p, if the following two conditions hold:

L pra Pl
2. pand p’ are both consistent with x [ 4, .

Given an agent a and total agent assignment Y, we say that
a strategy o is ~X-uniform if for all histories p and p’ such
that p ~X p’ it holds that o(p) = o (p’).

Remark 1. Relation ~) is not an equivalence relation (it is
not reflexive): histories inconsistent with x [ 4, are not re-
lated to any historys; it is an equivalence relation plus isolated
points. The only impact this has on the semantics concerns
nested knowledge operators, on which it has interesting con-
sequences that we do not discuss here for lack of space.

Indistinguishable assignments. When evaluating an epis-
temic formula K, in a history p and assignment Y, existing
variants of SL with knowledge such as [Maubert and Murano,
2018] and [Belardinelli et al., 2017a] evaluate  in all equiv-
alent histories p’ ~, p with the same assignment Y. While
quantifying on equivalent histories for the usual (uninformed)
relation ~, models agents that do not know the strategies be-
ing used, fixing the assignment x indicates on the other hand
agents that know all agents’ strategies. As a consequence of
this clash, this semantics neither properly captures the knowl-
edge of agents who are unaware of each other’s strategies, nor
does it properly model the knowledge of agents who do know
each other’s strategies, as we show in the next section.

To remedy this we introduce an equivalence relation on as-
signments. Two assignments y and ' are indistinguishable
to agent a, written x ~, X/, if they agree on all variables,
and on the agents’ strategies that a is informed of. Formally,
X ~a X 1f X' T4,= X [ 4, The semantics of knowledge will
quantify over all equivalent histories and assignments.

Interpreting strategy quantification. In introducing im-
perfect information to Strategy Logic, it is difficult to deter-
mine for whom a strategy should be uniform, at the level of
strategy quantification. One solution is to specify it explic-
itly, as in [Berthon et al., 2021; Maubert and Murano, 2018].
Another is to require that it be uniform for all agents that
are bound to it after the quantification, as in [Belardinelli et
al., 2020]. However neither of these solutions can be used to
define the informed semantics. Indeed, the informed perfect-
recall relation ~X depends on the assignment , which is only
known after all agents have been bound to their strategy.

We thus propose a new way of interpreting the uniformity
of strategies: instead of putting the uniformity constraint at
the level of strategy quantification, we postpone it until after
the group binding. In addition to allowing for a natural def-
inition of the informed semantics, it is also a neat solution
to defining the semantics of SL with imperfect information,
independent of the matter of informed knowledge.

There are two dual ways of dealing with the uniformity
constraint. Either we require that the strategy being assigned
should be uniform and the remaining subformula should hold,
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or we say that if the strategy being assigned is uniform,
then the subformula should hold. The first case corresponds
to existentially quantified strategies, the second to univer-
sally quantified ones. Given a group binding (Ag, 3), we
let Agé> = {a € Ag | 5(a) = (s,()) for some s} and
Agl = {a € Ag | 5(a) = (s,[]) for some s}.

Definition 3. LetG = (AC7 V.E LV, {N}aEAga {Aa}aeAg)
be a CGS, x a total assignment, p a history and ¢ an
SLK;,f[BG]-formula. We define G, x, p |= ¢ as follows:

p € L(last(p))
G,x;pFEw

Feove it GxplEeoG ke
E ds.p if JoeSrst. G x[s—a,pEp
= (Ags)p  if

if Va € AgL—], X'(a) is ~X -uniform, then
Va € Agg, X' (a) is ~X -uniform, and
G.X'sp |= ¢, where X" = x[Ag — 5]

G, x,pEKup if Vp' € Hists.t. p ~X p' and
VX' st x ~a X v X0 E e
and, writing ™ = Out(y, p):
G,x;pE Xop it G X T<pple1 @
g7Xap ': QDUQD, if  di>0s.t g7X77T§‘pH-i ': @/7

andVjst 0<j <iq,
g)X77rS\pH*j ):SO

We explain the case for the binding operator, which is the
novelty of this semantics. The idea is that the two dual bind-
ings () and [] are used so that the first line restricts universal
quantifications to uniform strategies by ignoring those that
are not, while the second line forces existential quantifiers to
pick uniform strategies. In both cases, uniformity of strate-
gies is evaluated with respect to informed perfect recall.

The semantics of a sentence ¢ does not depend on y, and
we write G, v, E ¢ if G, x, v, |E ¢ for some .

Public actions. A CGS has public actions if for all & € Ac
and a € Ag, ~, N Ac x Ac is the identity relation, meaning
that all agents observe all actions perfectly.

Hierarchical information. A CGS has hierarchical infor-
mation if there exists an enumeration Ag = {a1,...,a,} of
the agents such that ~ C g, foralll <i<n.

Remark 2. The reason why we base our logic on the flat
fragment of SL with Boolean Goals is twofold. First, to ex-
press the uniformity constraint on strategies for the informed
semantics, we need to know the strategies that will be used by
all agents. The group binding of the Boolean Goals fragment
makes this possible. Second, if agents can change strategy
after time 0, as is possible in the non-flat fragment, it be-
comes unclear how to define the informed semantics: should
agents know only the current strategy of other agents, and be-
lieve that they have been using it from the start? Or should
they know the sequence of strategies that other agents have
used? Both interpretations could be defined and studied, but
we leave this matter for future work. Besides, the flat frag-
ment of SL with Boolean Goals is already very expressive
and can express, for instance, distributed synthesis, rational
synthesis, and existence of Nash equilibria.

ai+1



Proceedings of the Thirtieth International Joint Conference on Artificial Intelligence (IJCAI-21)

3 Illustrating the Informed Semantics

We discuss some aspects of our semantics, that we illustrate
in the classic scenario of matching pennies.

Figure 1: CGS G for the game of matching pennies

Consider the game of matching pennies G illustrated in
Figure 1, where the players are called 1 and 2 (loops on fi-
nal positions are omitted). Each player has a coin that only
they can see. First, player one places her hidden coin heads
or tails up, then player 2 does the same with her hidden coin.
The proposition m stands for the coins matching. We suppose
that the players only observe their own actions, so v3 ~1 V4,
V5 ~1 Vg, U1 ~2 Vg, U3 ~o Vs, and vy ~9 vg. In this example
we omit the action names in the histories without ambiguity.

3.1 Impact on Knowledge

We first illustrate how restricting the quantification on equiv-
alent plays to those that are consistent with known strategies
affects the knowledge of the agents. The usual semantics
for the knowledge operator in epistemic extensions of SL,
that we can find for instance in [Maubert and Murano, 2018]
and [Belardinelli et al., 2020], and that we shall refer to as
“uninformed semantics” and denote =, is the following:

G, X, p Eu Kap ifforall o' s.t. p' ~o p, G,x,p' Eu ¢

It differs from our semantics in two respects: (%) it uses the
usual “uninformed” equivalence relation ~, on histories in-
stead of the informed one ~¥, and (¢4) it does not quantify
over indistinguishable assignments.

To illustrate the first difference (), consider the formula

a = Vs1.Vs9.[1, 51][2, 82) X X (K1m V K1—m)

which means that no matter which strategies are used, in the
end player 1 knows whether the coins match or not. With
the uninformed semantics it clearly does not hold, as player 1
does not observe player 2’s coin (so that vgvivs ~1 VU1V4
and vouevs ~71 VeU2vg), nor does she know her strategy,
so G,vg £ a. Now with the informed semantics, it is
enough to assume that player 1 knows player 2’s strategy (i.e.
2 € A;) to make the formula true. Indeed, for any strategies
s1 and so for players 1 and 2, the only history that player 1
considers possible with the uninformed relation ~; besides
the actual outcome, is not consistent with strategy s, and is
thus discarded by N’f. For instance if the outcome is vgviv3,

1790

i.e. s; and so are the strategies that play heads, then the only
history equivalent for ~ is vgv1vy4, in wWhich player 2 plays
tails, which is not consistent with s5. So G, vy | a.

We now illustrate the second difference (i¢). Since the as-
signment does not impact the truth value of a formula without
temporal operators, the only case in which considering equiv-
alent assignments makes a difference is for formulas that in-
volve knowledge about the future. So consider formula

b= VSl.VSQ.[l, 81“2, SQ](KlXXm Vv KlXXﬁm)

which means that for any pair of strategies s; and so, player 1
knows, before any move is made, whether in the end the
coins will match. Intuitively this can only be the case if
player 1 knows the strategies of both players. We check that
indeed, with our semantics, the formula holds if we assume
that A; = {1, 2}, and it does not if A; C {1,2}. Fix a pair
of strategies (s1, s2), let x assign s7 to 1 and s2 to 2, and as-
sume for instance that these strategies lead to matching coins,
ie. G,x,vo = XXm. First, note that the only history in-
distinguishable from vg via ~ is vg. Now if A; C {1,2},
meaning that player 1 does not know one of the strategies,
then there exists at least one assignment x’ ~7 y that has a
different outcome, i.e. such that G, x’,vo E XX—m. The
same reasoning can be made if (s, s2) lead to coins that do
not match. As aresult, G, vy = 5. Now assume that player 1
knows both strategies, i.e., A; = {1,2}. For any assign-
ment y, x ~1 X implies that ' = x. It follows that either
gvXa Vo ): KlXXm’ if ga X5 Vo ): XX’ITL, or g?vaO ':
K1 XX-m,if G, x,v9 = XX—-m. So G, vy E .

One can see that also with the usual “uninformed” seman-
tics, it holds that G, vy = f§: indeed, since it only considers
the actual assignment, it corresponds in the previous para-
graph to the case where A; = {1, 2}, i.e., the case where 1
knows both strategies. This is in contrast with what we illus-
trated with point (7), where the uninformed semantics corre-
sponds to agents that do not know each other’s strategies, and
it demonstrates an inconsistency in the usual semantics. The
semantics we propose solves this problem.

3.2 Impact on Strategizing Power

Our semantics also makes a difference for agents’ strategic
ability. Consider the following alternate “uninformed” se-
mantics, which uses relation ~, instead of ~X :

G.x:pFu (Ag,S)p if
if Va € Agg7 X'(a) is ~-uniform, then
Ya € Ag‘?7 X'(a) is ~-uniform, and
v.X'sp |= ¢, where X' = x¥

Consider again the example from Figure 1, and assume that
player 2 knows player 1’s strategy, i.e., 1 € As. Formula

v = 382.¥s81.[1, 81](2, $2) X X'm

means that player 2 has a strategy to ensure that the coins
match. Knowing player 1’s strategy, intuitively this should
be true: if player 1 plans to play heads, then play heads, oth-
erwise play tails. However with the semantics that uses the
usual “uninformed” notion of uniformity, this formula does
not hold: indeed, because v; and vs are indistinguishable to
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player 2, any ~»-uniform strategy so must play the same ac-
tion in histories vgv; and vgvs. If it is heads, then the coins
will not match if 1 plays tails, and vice versa. So G, vg =, 7.

However with our informed semantics, the formula holds.
Indeed consider the strategy so such that so(vg.v1) = h and
s2(vg.v2) = t. Clearly it ensures that the coins match. We
just need to see that it is also uniform for the informed notion
of uniformity. Let s; be a strategy and x = [1 — 51,2 > $3].
To see that s5 is ~’2‘—uniform, observe that either vgv; or vova
is not consistent with s;. Therefore it is not the case that
VU1 ~§< Vo2, and s; does not have to assign the same action
in both histories. As a result, G, vy = 7.

4 Model Checking SLK;,:[BG]|

We consider the model-checking problem for SLK;[BG]
which consists in deciding, given a CGS G, an initial position
v, € V, and an SLK;,s[BG] sentence ®, whether G, v, = ®.

4.1 Undecidability for Hierarchical Information

It is proved in [van der Meyden and Wilke, 2005] that dis-
tributed synthesis for LTL with knowledge is undecidable,
even for systems with hierarchical information. The setting
there corresponds to agents that know the strategy of every-
one but the environment, which we can model in our informed
semantics. Since distributed synthesis for LTLK objectives is
expressible in SLK,¢[BG], we obtain that:

Theorem 1. Model checking SLK is undecidable, even when
restricted to CGS with hierarchical information.

4.2 Decidability for Public Actions

We now show that model checking SLKi,¢[BG] is decidable
when all actions are public. This is in line with the results
in [van der Meyden and Wilke, 2005], where the informed se-
mantics is used implicitly, and distributed synthesis for LTLK
is shown to be decidable on broadcast systems, which are
very close to our CGS with public actions.

As in [Laroussinie et al., 2015; Berthon et al., 2021; Belar-
dinelli et al., 20201, we solve the model-checking problem by
reducing it to the model-checking problem for QCTL", for
which we briefly recall the syntax and semantics.

Definition 4. The syntax of QCTL" is defined as follows:

pu=plop|leVel|EY|Ipe
Y= | WY VY | Xy [ YUY

where p € AP.

Note that the set AP may not be the same as in the previous
section (in the reduction from SLK;,; to QCTL* we will use
a bigger finite set of atomic propositions for QCTL").

We consider the tree semantics for QCTL”*, where formu-
las are evaluated on infinite trees, typically representing un-
foldings of finite Kripke structures.

Trees. Let X be a finite alphabet. An infinite tree over X
and AP is a mapping ¢t : ¥* — 2AP. An element x € ©*
is a node, the empty word € is the root, a node y is a child
of a node x if it is of the form y = =z - d with d € X, and
t(z) is the label of node x. A path A = xox; ... is an infinite
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sequence of nodes such that for all ¢ > 0, z;41 is a child
of ;. We let \; = x; denote the node at position 4, and
A>; = X;Ti41 - .. is the suffix of X starting at position 7. We
say that A starts in node z, and let Paths(z) be the set of
paths that start in . The subtree of ¢ rooted in node x is the
tree ¢, : y — t(x - y). A tree is regular if it has finitely many
different subtrees. Finally, given a tree ¢ and an interpretation
X, C X for an atom p € AP, we define the tree

U
PO Xp oy {t@c) \ {p)

Definition 5. Let ¢ be a tree, x a node and A a path. The
semantics of QCTL" is defined as follows (we omit negation
and disjunction):

ifxe X,
otherwise.

t,eEp if pet(x)

t,x = E¢ if 3\ € Paths(x) s.t. 6, A =4
t,e=3pe if X, CE¥ st t@Xp,zkEe
tEAE XY i tAs o

tAE YUY if 3i>0stt,As; = ¢ and

Vj < i, t7)‘2j ‘:w

We write ¢t |= @ fort, e = .

For the rest of this section we fix a CGS § =
(Ac,V,E £, V,,{~a}acag, {Aa}tacaeg) With public actions
and an SLK;,¢[BG] sentence ®. The reduction is based on the
one in [Belardinelli et al., 2020], where the two main ideas
are that when actions are public and transitions deterministic,
(1) each history is entirely determined by its initial position
and the sequence of joint actions, and (2) two indistinguish-
able histories share the same sequence of joint actions. Note
that only the first point relies on determinism.

We thus work on the tree consisting of all sequences of
joint actions. A node x = «; ..., in this tree represents
the set of all histories p sharing this sequence of joint actions.
By point 2 above, two histories that are indistinguishable for
some agent are represented by the same node. This makes it
possible to check uniformity of strategies locally in the tree.

Formally, let ¥ = Ac*®, and for a node z € ¥* and an
initial position v € V,, we let pZ be the history in G that starts
in v and has sequence of joint actions x. This is uniquely
defined because the transition function is total and determin-
istic, and all histories can be written in this form. Point 2
above can be formalized as:

Lemma 2. [f p7 ~, p¥ then x = y.

We introduce propositions AP,y = {pa | @ € AcAg}
that mark in each node the last joint action performed, and
propositions APpos = {p,, | ¥ : V, — V} that indicate the
current position v(v,) given that the initial position was v,.
We then define the tree tg over X and AP, U APp as

tg:ay...an = {pa,, 0v}

where v : v, — last(p§'*"). So each node is labeled by
exactly one atom in AP, and one in AP,. Also, since G is
finite, the tree tg is regular.

To keep track of strategies we introduce propositions
APy = {p7 | 7 : V., = Acand s € Var(®)}, where 7 is
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called a local strategy and Var(®) is the set of strategy vari-
ables in ® (we assume without loss of generality that each
variable is quantified at most once in ®). Proposition p? in
node z means that on history pZ, strategy s chooses action
7(v). To represent agents’ knowledge we introduce proposi-
tions AP~ = {p% | a € Agand ~C V, x V,}, where = is
called a local observation relation. The intended meaning of
pe holding in a node z is that histories pS and pj are indis-
tinguishable to agent a if and only if v ~ u. By Lemma 2,
indistinguishability relations can be completely characterized
by such propositions. To capture the interpretation of “indis-
tinguishable to agent a” corresponding to the informed se-
mantics, these propositions will be placed on the tree after
those encoding strategies, and consistently with them.

We define for each subformula ¢ of ® a QCTL" for-
mula [p] EL. The translation is parameterized by a mapping
B : Ag — Var that represents the current binding of agents
to strategy variables, and a position v, € V, representing the
initial position of the current history. For atomic propositions:

e = V »

vipet(v(v.))

This formula grabs the unique v for which p, holds in the cur-
rent node, and checks whether p holds in the current position
as indicated by v given that the initial position is v,. Boolean
connectives simply distribute:

[els, = -lels, leve'ls = lels, Ve
For strategic quantification, let {71, ..., 7} be an enumera-
tion of the possible local strategies, with k = |Ac|IV:|. Let
B

»,  Where

[3s.0]5 = 3ps ... 3ps, .straty A @]

strat, = AG\/ Py A /\ —p7,)
J#i

checks that each node is labeled by exactly one local strategy.
Next comes the binding operator (Ag, 5), which we repre-
sent as a mapping B’ : Ag — Varx{(),[]}. Let{a1,...,am}
be an enumeration of the agents and {1, ...,~;} an enu-
meration of the possible equivalence relations over V,. For
each agent a we define the initial local observation relation
~t =~y NV, x V,. Also, given a local observation relation
=, for agent a (in some node ), a tuple T of local strategies
for each agent, as well as a next joint action « and resulting
current positions v (in node x - &), we define the updated local
observation relation for agent a as &/, (~,, T, a,v) =

v, g Uy, V(v,) ~q v(u,) and

{(v“uL) | Vb e Ay, mp(v,) = o = 1p(u,)
This definition means that two histories p7 ® and p; “ are
indistinguishable for a if p§; and pu are 1ndlst1ngu1shable
(v, ~4 u,), the new positions last( ) and last(pj ) are in-
distinguishable (v(v,) ~q v(u,)), and for each agent b whose

strategy is known to a, the last action «;, played by b corre-
sponds to strategy 7, in both pi and py (so py ™ and py

X O X O

are consistent with 73,). Given a binding 5, we let Agg (resp.
Ag%) be the set of agents a such that B(a) = (s, ()) (resp.
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(s, [])) for some variable s. Define

(B¢l =3p& ... 3pL .. 3pLr ... 3ply
/\ uniq, A /\ inf, A
acAg acAg
A wnitZ @ = A unif @ A ]S
a€Agll, a€Agy,

where uniq, = AG \/ _(p& A \x/z —PR/) checks that each
node is marked with one unique local observation relation,

inf, pM/\AG/\[p /\/\pB(b)
beAg

AX N (e AP0) = Py 2 .0

checks that the local observation relation is initially correct
and that in each step it is updated correctly, and

= AG /\(p‘; A p3) — loc-unif(=, )

~,T

FS
unif,;

checks that strategy s is uniform for agent a, with

if for all u,,u, € V, s.t. u, = ul,

(u,) = 7(u})

false otherwise.

t
loc-unif(=, ) THe

For the knowledge operator, let

= Ao A

u, \vLNUL

We are left with the temporal operators:
(XS = AAPEY) = AX (par) — [#5)

where a(7,v,) is the joint action where each agent a plays
action 7, (v, ). Similarly, we let

s [@Uw’]ﬁf .
AlG( A AP = Xbair) = [PIE UL

Lemma 3. For every initial position v, € V, and every initial
binding B, it holds that G,v, = @ iff tg E [@]ﬁ.

Because model checking QCTL" on regular trees is decid-
able [Laroussinie and Markey, 2014], we obtain that

Theorem 4. Model checking SLK,s on CGS with public ac-
tions is decidable.

5 Conclusion and Future Work

In this work we defined the first semantics for Strategy Logic
that can model agents that know other agents’ strategies.
This semantics reflects the intuitive idea that knowing others’
strategies refines agents’ knowledge about the system, and in-
creases their ability to strategize. It is also general enough to
capture both situations found in the literature, which corre-
spond to the two extreme cases. Two important questions left
for future work are the implications of the informed seman-
tics on higher-order knowledge, and trying to extend this new
informed semantics to the full syntax of SL.
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