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Abstract

We study a model of Agentic Al, building on LTL syn-
thesis originally studied in formal methods, that consists
of autonomous agents with independent sequential decision-
making capabilities. Specifically, we associate with each
agent a goal expressed in LTL, and assumptions on the strate-
gies employed by its peers and that the agent can exploit
while synthesizing a strategy to realize its goal. While we can
solve the synthesis problem under assumptions for each such
agent we are not only interested in (1) synthesizing strate-
gies for individual agents. Indeed, assumptions in turn are
recursively defined through these strategy spaces. Impor-
tantly, we do not assume the ability to access or analyze an
agent’s internal strategy, as we make no assumptions about
the nature of the decision makers, which may be, for ex-
ample, ML-based. Instead, we focus on (2) characterizing
the set of traces that are generated by strategies that realize
the specification assigned to each agent. Using this charac-
terization, we are able to (3) verify that the whole system,
when in execution, satisfies a global objective, regardless of
the strategies chosen by the agents from their allowed spaces.
Moreover, by observing the evolution of the execution trace,
we can (4) identify whether an agent makes a move that vio-
lates its specification and assign precise responsibility for the
violation. Technically, we present automata-theoretic tech-
niques to solve these problems, and show that each of them is
2EXPTIME-complete, matching the complexity of classical
LTL synthesis.

1 Introduction

Temporal Synthesis studies the automatic synthesis of in-
teractive programs (strategies) from declarative specifica-
tions expressed in temporal logic (Church 1963; Pnueli and
Rosner 1989; Finkbeiner 2016; Ehlers et al. 2017). In Al
Temporal Synthesis has been used to provide a principled
foundation for strategic reasoning in autonomous Al sys-
tems, see e.g., (De Giacomo and Vardi 2015; Cermék, Lo-
muscio, and Murano 2015; De Giacomo and Rubin 2018;
Camacho, Bienvenu, and Mcllraith 2019; Camacho, Bien-
venu, and Mcllraith 2018; Aminof et al. 2019; Geatti, Mon-
tali, and Rivkin 2024; Aminof et al. 2024). The key to
this research path lies in the rich body of concepts devel-
oped in reasoning about actions (Reiter 2001) and plan-
ning (Ghallab, Nau, and Traverso 2016), combined with a
deep treatment of nondeterministic environments and tem-
poral objectives. In such settings, plans must be treated as
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strategies rather than being blurred with individual execution
traces, and goal satisfaction evolves during execution rather
than being reducible to reaching states with fixed proper-
ties. These features are naturally captured within the tempo-
ral synthesis framework.

In this paper, we exploit temporal synthesis to investigate
a setting for Agentic Al where we have only partial control
over the strategic actions of a set of autonomous agents with
independent sequential decision-making capabilities. Cru-
cially, our focus is not on synthesizing individual strategies,
but on specifying and reasoning about the spaces of strate-
gies that agents are allowed to choose from.

Specifically, we adopt a third-person view (cf. the first-
person view of (Aminof et al. 2025a)). Imagine a “man-
ager” of a set of independent autonomous agents with their
own decision-making capabilities. The manager gives each
agent a task and some information about the behavior/task
of the other agents (that they can exploit to achieve their
task). However, the manager knows that the agents are not
fully under his control, i.e., each of the agents may not work
to achieve exactly the given task, but some related goal due
to the agent’s bias and individual traits tainting what it was
asked to do (and the same thing goes for the assumption that
the agent makes about the other agents’ behavior). Thus, in
order to reason about the agents, the manager writes spec-
ifications (taking into account the information he provided
to the agents, as well as his knowledge of their individual
biases and traits) for each of the agents, that describe the
set/space of possible strategies that each of the agent may
choose.

These specifications are based on traces over a set of
atomic propositions. Each agent (including the environ-
ment) controls exclusively only a subset. When all agents
act together, they generate traces, also called “plays”. Each
instant in the trace is a “round” where each proposition is
set to some boolean value by the agent who controls it. The
designer has control over the turn-taking during a round: the
agents are partitioned into groups such that the agents in
each group move in parallel, and in each round, the groups
move one after the other.

Goals for each agent are specified as a desired set of
traces, using LTL (linear-time temporal logic). Assump-
tions instead are restrictions on the set of possible strategies
adopted independently by each of the other agents. In fact,



Proceedings of the 23rd International Conference on Principles of Knowledge Representation and Reasoning
Main Track

we specify such sets of strategies only indirectly through en-
forcement of trace specifications or previously defined as-
sumptions.

Notably, we do not assume that strategies are objects that
one can observe and predicate about, as in Strategy Logic
(Mogavero et al. 2014). Only executions compatible with a
strategy are indeed observable. So, crucial to our setting is
that given a space of strategies, we can build an automaton
that recognizes the set of traces compatible with some strat-
egy in the set. The possibility of moving from strategies to
traces, and vice versa, is at the base of our approach.

In this framework, we study: 1. Solving synthesis under
these kinds of nested assumptions for each of the individual
agents. 2. Characterizing the set of traces that are generated
by strategies that realize the specification assigned to each
agent. 3. Verifying that the whole system, when in execu-
tion, satisfies a given temporal property for all choices of
strategies from the agents’ allowed spaces. 4. Identifying,
by observing the execution trace, whether an agent makes
a move that violates its specification and assigning precise
responsibility for the violation. Technically, we present
automata-theoretic techniques to solve each of these prob-
lems for LTL, and show that the corresponding decisions
problems are 2EXPTIME-complete, matching the complex-
ity of classical LTL realizability, i.e., for the problems in
common (synthesis/realizability), adopting our rich frame-
work comes at no extra computational cost.

2 Related Work

Agents can exploit assumptions they have about their en-
vironment, including other agents, in order to achieve
their goal (Harel and Pnueli 1984). Assumptions have
been modeled as finite-state systems, as is typical in plan-
ning, e.g., (Camacho, Bienvenu, and Mcllraith 2019), and
more generally by temporal-logic formulas, e.g., (Pnueli
and Rosner 1989; Fisman, Kupferman, and Lustig 2010;
Brenguier, Raskin, and Sankur 2017; Aminof et al. 2018;
Fijalkow et al. 2020). Typical of these works is that assump-
tions are not nested (i.e., agent ¢ can have an assumption
about agent j’s goal, but not an assumption about agent j’s
assumptions). In contrast, our work allows nested assump-
tions, e.g., agent ¢ has an assumption about agent j’s goal
as well as agent j’s assumptions about other agents’ goals,
including agent 7. In fact, we introduce simple and direct
expressions to capture these nested assumptions. Moreover,
our expressions allow two agents to have different, even con-
tradictory, assumptions about the same agent representing
their particular points of view.

An alternative approach to our direct word-automata ap-
proach to solving the computational problems presented in
this paper may be to use rich strategic logics such as Strat-
egy Logic (SL) (Mogavero et al. 2014). For example, for
the simple case where all agents move in parallel, one can
naturally express our synthesis problem as an SL model-
checking problem, and thereby obtain an algorithm that
solves our synthesis problem. Unfortunately, such an algo-
rithm is based on complex tree-automata, and moreover, will
be exponentially more expensive than the optimal algorithm
we present in this paper. Overall, solving all of the problems
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we present with a purely SL approach, would require over-
coming three hurdles at the same time: (1) employing an ex-
tension of SL that can handle our mixture of turn-taking and
parallel moves; (2) being able to reason about infinite-traces
while talking about finite-traces (see the Guardrail Problem);
all the while, (3) finding a way to cast these problems in
a more effective fragment of Strategy Logic which can be
solved in 2EXPTIME, e.g., (Gardy, Bouyer, and Markey
2020).

The work closest to ours is (Aminof et al. 2025a), which
investigates LTL synthesis under structured assumptions
about the environment. That model can be thought of as
a special case of our framework with a very simple two-
level assumption, that exclusively concerns the environment
except for a single agent, called the protagonist, whose as-
sumptions refer to the other agents. In particular, that pa-
per takes a first person-view of the protagonist. In contrast,
we take a third-person view, and allow arbitrarily complex,
nested, and circular assumptions (circular in the sense that
agent 1 can have an assumption about agent 2, while at the
same time agent 2 can have an assumption about agent 1,
and these can be nested in the assumptions of agent 3, etc.).
In addition, whereas (Aminof et al. 2025a) had the environ-
ment move first and all the other agents move in parallel,
we allow a general (fixed) division of the agents into par-
allel and sequential moves. Finally, (Aminof et al. 2025a)
only studies the synthesis problem, whereas here, due to the
third-person view, we also consider the model-checking and
guardrail problems.

3 Preliminaries

The set of integers {1,...,k} is denoted [k]. For a set X,
its powerset is denoted P(X), and the set of finite (resp. in-
finite) sequences of elements from X is denoted X * (resp.
X¢). The empty sequence is written €. For a sequence f3,
we write (3; for its ith element; the first element is Jy; the
length of a finite sequence is |3[; the prefix of /3 of length ¢
is denoted by S<; or B<;_1; we write Inf(3) for the set of
elements appearing infinitely often in 3, i.e., x € Inf(3) iff
2 = (3; for infinitely many :. If 3 is a prefix of 3’ we also say
that 3 extends (3. For a finite set AP of atomic propositions
(aka atoms), sequences over P(AP) are called traces over
AP. A trace property (aka property) is a set P C P(AP)“ of
infinite traces. If 7 € P we say that 7 satisfies P. If P is
non-empty we say that it is satisfiable. We will sometimes
use logical operators for operations on trace properties. In
particular, for A, B C P(AP)“, we may write = A for A’s
complement (P(AP)“\ A), write AV B for the union AU B,
write A A B for the intersection A N B, and write A = B
for =AV B, i.e. for (P(AP)* \ A) U B.

3.1 Linear-time Temporal Logic (LTL)

Let AP be a set of atoms. The formulas of LTL over AP are
defined by the following BNF (where p € AP): ¢ ==p|
eV o|—p|Xe|pUp. We use the usual abbreviations,
o = ¢ = —p V¢, true = pV-p, Fo = trueUo,
G = —F —p, etc. The size || of a formula ¢ is the number
of symbols in it. For n > 0, write 7,, for the valuation at
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position n. For a trace 7, an integer n, and an LTL formula
¢, the satisfaction relation (7,n) = ¢, stating that ¢ holds
at step n of the sequence 7, is defined as follows: (7,n) = p
lffp € Tn; (Ta n) ): P1Ve: iff (Ta n) ‘: p1or (7-7 n) ): P23
(1,n) | — iff it is not the case that (7,n) E ¢; (1,n) |E
Xiff (1,n+1) = ¢; and (1,n) = 1 U oo iff there exists
m > n such that: (7,m) = ¢2 and (7,j) | ¢ for all
n < j < m. Wewrite 7 = ¢ if (1,0) = ¢, read 7 satisfies
. The set of traces that satisfy ¢ is a trace property, and we
will sometimes blur the distinction between the formula ¢
and this trace property.

3.2 Deterministic Automata

Our solution techniques compile formulas into automata
(i.e., the automata-theoretic approach to logic). Since we
will also be defining/solving games on automata, we use de-
terministic automata (both on finite- and infinite strings).

Transition systems. A deterministic transition system
T = (3,Q,t,0) consists of a finite input alphabet ¥ (typ-
ically ¥ = P(AP)), a finite set Q) of states, an initial state
L € @, and a transition function § : Q X X — Q. The size
of T is the number of its states. Let 3 = (y/31 - - - be a finite
or infinite sequence of letters in X. The run/path induced by
[ (aka the run of T on () is the sequence qgqy - - - of states
where g9 = ¢ and ¢;11 = (g;, B;) for every i < |5]. We
extend ¢ to range over Q X X* as follows: 6(g,€) = ¢, and
forn >0, let 6(Q7 6061 to ﬂn) = 6(5(Q7 60 e ﬁn—l)a ﬂn)
Given k deterministic transition systems 71, . . ., T} over the
same alphabet, i.e., T; = (3,Q;,t;,9;), for i € [k], their
product Th XT . . . X T}, is the deterministic transition system
(3,Q,/,8Ywhere Q' = Q1 X ... X Qg, t' = (1, ..., LK),
and 6((q1,-..,qx),a) = (61(q1, a), ..., 0k (qx, a)).

Automata. A deterministic automaton (or simply automa-
ton) A = (T,Acc) is a deterministic transition system
T = (%,Q,t,0) augmented with an acceptance condition
Acc defined below. The acceptance condition determines
which runs p are “successful”, in which case we say that
p satisfies the acceptance condition and that p is accepting.
A string 3 over X is accepted by A if its run p satisfies
the acceptance condition. The set of strings accepted by
A is the language of A, which we denote by L(A). The
size of an automaton is the number of its states. For
automata on finite strings (DFA), Acc C () is the set of
final states, and a finite run satisfies the acceptance con-
dition if it ends in a final state. For automata on infi-
nite strings, we work with Emerson-Lei acceptance con-
ditions, which generalize all traditional acceptance condi-
tions used for w-regular languages (Emerson and Lei 1987;
Hausmann, Lehaut, and Piterman 2024).

Emerson-Lei (EL) acceptance conditions are described by
a triple (T, A, B), where T is a finite set of labels, A: Q —
P(T") is a labeling function that assigns to a state a (possibly
empty) subset of labels, and B: P(I") — {true, false} is a
Boolean function over the set I' (treated as variables). For
astate ¢ € @ and a label | € A(q), we say that ¢ visits
. We will sometimes (but not always) write B as a Boolean
formula over the set I of variables, with the usual syntax and
semantics; e.g., the formula [y Aly A—l3 denotes the Boolean
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function that assigns true to a set Z C I' iff Z contains [y
and [, but not [3. Given a sequence p € Q¥, the set of
labels that are visited infinitely many times by states on p is
Inf\(p) = U{A(q) : ¢ € Inf(p)}. A sequence p satisfies
the EL acceptance condition iff B(Inf,(p)) = true, i.e., iff
the set of labels that are visited infinitely often by states of
p satisfies B. An automaton A = (D, (', A\, B)) with an
EL acceptance condition, is called a DELA (deterministic
Emerson-Lei automaton).

A useful (and easily proved) property of DELAs is that
they are effectively closed under Boolean operations:

Lemma 1. /. Givena DELA A = (T, (', A\, B)), the DELA
(T, (T, A\, ~B)) accepts the complement of L(A).

2. Given DELA A; = (T;,(Ti, A\i, By)) for i € [k], sup-
pose the I'; are pairwise disjoint, and the T; have the
same alphabet. Let C be the DELA (T, (I', X\, B)) where:
T =T X XTg, I' = UL, the labeling func-
tion X is defined by letting X\(q1,- - ,qx) = Uie[k:] Ai(qi),
and B = \/ ;¢ Bi (resp. \;c (i, Bi); then C accepts the

language | J, iy L(Ai) (resp. ;e L(Ai))-
Moreover, emptiness of DELAS is effective:

Lemma 2. (Emerson and Lei 1987) The non-emptiness
problem for DELAs is NP-complete. Moreover, it can be
solved in (deterministic) time that is polynomial in the size
of the DELA, polynomial in the size of the Boolean formula,
and exponential in the number of its labels.

Finally, we can compile LTL formulas into DELAs:

Theorem 3. (Vardi and Wolper 1994; Safra 1988) Fix AP.
Given an LTL formula ¢ over AP, one can build a DELA
Ay, = (T, (T, A\, B)) that accepts exactly the traces over AP
that satisfy , whose size is at most 2EXP in ||, whose num-
ber of labels |U'| is at most EXP in ||, and whose function
B can be written as a Boolean formula of size linear in the
number of labels.

4 Framework

We consider a set V- = {1,2,--- N} of N > 1 agents
(an environment, if it exists, is considered to be one of the
agents). The interaction between the agents produce traces
over a set Z of atoms. Each agent v has exclusive control
of a subset Z¥ C Z. That is, Z is partitioned into subsets
controlled by each agent: Z = Z' U ... U Z", with Z* N
Zv = () for v # w. Note that while we allow certain agents
to be assigned no atoms, we do require that at least 2 agents
have at least one atom each (otherwise we are effectively in
a single-agent setting).

An evaluation of the atoms in Z produces a “round”. In
each round, each agent selects an evaluation of the atoms
it controls. We consider a quite general way of turn-
taking during a round: the agents are partitioned into groups
G1,- -, Gk, such that the agents in each group select their
evaluations in parallel, and within each round the groups
take turns, i.e., first G1, then Go, ..., until Gy,.

For example, the case k = 1 where all the agents are in a
single group corresponds to the often modeled case where all
agents move in parallel. As another example, for two agents
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(N = 2), on top of the parallel option we can also have
k=2and Gy = {1},Gy = {2} or G; = {2},G2 = {1};
in the first case, in each round agent 1 moves first and agent
2 second, and in the second case agent 2 moves first and
agent 1 second.

Multi-agent setting A multi-agent setting refers to the set
V ={1,2,---, N} of agents, their groups G1, G2, - - - , Gy,
the set Z of atoms, and the partition of Z into YARURERY
ZN. We fix these for the rest of the paper. As mentioned
above, we assume that there are at least two agents, each
with at least one atom. We introduce some notation. For
i € [k], define Z(i) = |J, ¢, Z" to be the set of atoms

controlled by the agents in group GG;. We denote by Z =
Z(1)--- Z(k) sequences where Z(i) C Z(¢) for every i €
[k]. Intuitively, Z represents the moves of all the agents in
a single round. Observe that (for a fixed partitioning of the
agents into groups) Z can be easily reconstructed from the
set Uje(x) Z (i) of the atoms appearing along it.

Plays Plays are infinite sequences of the form m =
ZoZy -+ -, i.e., they are elements in (Z(1)---Z(k))*. It is
convenient to interpret LTL formulas not over the play 7,
but instead over an induced trace where the moves of each
of the groups at each time step are combined into a single
letter. Formally, we interpret LTL formulas over the induced
trace over Z defined as: U;c(x Z0(7) - User) Z1(4) - - . So,
for instance, the first element of the trace induced by 7 is
Userk) Zo(i), not Zo(1). Observe that every such trace is in-
duced by a unique play 7. It will be technically convenient
to sometimes blur the distinction between the play 7 and its
induced trace, e.g., we may say that a play satisfies an LTL
formula in place of saying that its induced trace does. The
play view will be used mainly when talking about strategies,
and the induced trace view when considering such plays to
be models of LTL formulas.

Histories A history is a finite prefix of a play. For j €
[k], define a j-history to be a sequence in (Z(1) - - - Z(k))* -
(Z(1)---Z(j — 1)), i.e., a j-history is a prefix of a play
containing zero or more full rounds followed by a partial
round (if j # 1) that contains only the moves of the first
7 — 1 groups of agents. Note that 1-histories are of the form
(Z(1)---Z(k))*, and we call these full histories since they
only contain full rounds. For an agent v € G; we also use
the term v-history for j-history. The set of all j-histories
(resp. v-histories) is denoted H; (resp. H,).

Strategies A v-strategy is a function o, : H, — P(Z").
The set of all v-strategies is denoted =". For a non-empty
set A C V of agents, a strategy profile for A is a function
& that assigns strategies to agents in A, i.e., its domain is A,
and 6(v) € ZY for every v € A. A strategy in the image of
& is said to be in &. If A is the set of all agents, then & is a
full strategy profile, otherwise it is a partial strategy profile.

Consistent plays/histories A play/history p is consistent
with a v-strategy o if for every proper prefix p.; in the do-
main of o we have p;NZ" = o(p<;). Further, p is consistent
with a strategy profile & iff it is consistent with every strat-
egy in the image of . Note that if & is full then there is a
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unique play, denoted PLAY (&), that is consistent with &.

Assumptions An assumption for agent v (aka v-
assumption) is a function © which assigns a set of strategies
to each agent distinct from v, i.e., the domain of © is V\ {v},
and ©(w) C =, for every w. A partial strategy profile & is
in © (denoted 6 € O) if it has the same domain as ©, and
a(w) € O(w) for every w.

Enforcing We say that o, enforces the trace property P
(resp. under the v-assumption ©) if for every profile & for
V \ {v} (resp. for every ¢ € O), extending & to a full
strategy profile 3’ by letting 6’ (v) = o, (and 7' (w) = & (w)
for w # v) we have that the trace induced by PLAY(G')
satisfies P. Note that if ©(w) = @ for some w # v, then
every v-strategy enforces every trace property P under ©
(vacuously).

Remark 1. Ler « be the set of v-strategies that enforce
under ©. Note that (depending on @), the larger are the sets
of strategies of the other agents as defined by ©, the harder it
may be for agent v to enforce , i.e., o becomes potentially
smaller, and in the extreme case, it may become the empty
set. On the other extreme, if ©(w) = () for some w # v,
then « is the set of all v-strategies (no matter what @ is).

Operators Cns(—) and Enf(—) The set of plays con-
sistent with a strategy o (resp. strategy profile &) is de-
noted Cns(o) (resp. Cns(g)). We extend this notation to
sets of strategies, and sets of strategy profiles, in the nat-
ural way: e.g., for a set = of strategy profiles we have
Cns(ZE) = [JsczCns(a). The set of v-strategies that en-
force a trace property P is denoted Enf,(P); and we say
that P is v-enforceable if this set is not empty. Similarly,
we write Enf, () for the set of v-strategies that enforce the
traces that satisfy an LTL formula ¢, and say that ¢ is v-
enforceable if this set is not empty.

The following Lemma shows how to turn assumptions
into trace properties; the proof is straightforward from the
definitions, see also a similar statement in (Aminof et al.
2025a).

Lemma 4. Fix an agent v, a trace-property G, and an as-
sumption © for v. A v-strategy enforces G assuming © iff it
enforces Cns(©) = G.

The importance of this Lemma is that it allows us to rea-
son about assumptions using traces instead of strategies, and
thus employ word automata instead of the more complex
tree automata and logics over trees, as is common in for-
malisms for expressing complex strategic properties.

4.1 Specifications

As discussed in the introduction, each agent v has ascribed
to it a goal ¢, and an assumption O, about the behavior
of the other agents. To ease the exposition, we will simply
refer to these as the goal and assumption of agent v (without
mentioning that these are ascribed to it by a third party). The
goals ¢, are specified as a desired set of traces, e.g., using
LTL, and the assumptions ©,, are restrictions on the sets of
possible strategies for each of the agents other than v. We
now describe a novel formalism for specifying the goals and
assumptions for agents.
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Syntax. Consider the following grammar (in BNF):

a, ::= Enforce, (¢) | Enforce, (¢, ©,)
@v = (Oél, Oy —1,0y41, 70[]\])

where v € V varies over the agents, and ¢ varies over the set
of all LTL formulas (over the atomic propositions Z). The
expressions «,, are called strategies expressions, and they
denote sets of agent v’s strategies. The expressions ©,, are
called assumption expressions, and specify the sets of strate-
gies that each of the agents other than v are assumed to pick
their strategies from. Intuitively, Enforce, () is the set of
agent-v strategies that enforce ¢ no matter what other agents
do, whereas Enforce,, (, ©,) is the set of agent-v strategies
that enforce ¢ provided that each agent w # v uses a strat-
egy from the set ©, (w) (note that if agent w uses a strategy
not in ©,,(w) then ¢ may or may not hold).

Remark 2. Formally speaking, o, and ©,, (for v € V') are
non-terminals in the grammar, and a string generated by
the grammar cannot contain non-terminals. Thus, e.g., (for
N = 2) Enforce,(pU q,01) is not a string generated by
the grammar since it contains an underived non-terminal
©1. On the other hand, Enforce,(p\U q, Enforce,(F p)) is
a string generated by the grammar. For the latter, we may
also write a1 = Enforce;(pUq,01), O1 = (a2), as =
Enforce,(F p).

Semantics. We define, by mutual recursion, what each ex-
pression in the Syntax denotes:

1. Enforce, () (resp. Enforce,(p,©,)) denotes the set of
v-strategies enforcing ¢ (resp. under the assumption 6,,).

2.0, = (a1, ,04_1,Q+1, - ,an) denotes the v-
assumption defined by letting O, (w) = «,, forall w # v.

In general, depending on the context we will refer to a,,
as either an expression (i.e., syntactically) or as a set of v-
strategies (i.e., semantically). In particular, we will say that
a strategy o satisfies the expression «, to mean that it is in
the set «,, denotes, and that a trace is consistent with the ex-
pression «, to mean that it is consistent with some strategy
that satisfies «,.

Example 1. Consider N = 2, and the expressions: a1 =
Enforce,(¢1,01),01 = (a2), aa = Enforce,(p2).

The expression o says that agent 2 is trying to enforce
(o no matter which strategy agent 1 uses. The expression
oy says that agent 1 is trying to enforce py provided that
agent 2 uses a strategy from «w, i.e., provided that agent 2
uses a strategy that (unconditionally) enforces ps.

In the setting of Example 1, the computational problem
that asks to find an agent 1 strategy in «; is known as the
“LTL synthesis under assumptions problem” (Aminof et al.
2018). As noted in that paper, this already captures many
settings, including nondeterministic planning with tempo-
rally extended goals (for this, we treat agent 2 as the “en-
vironment”, o captures the planning domain, and we treat
agent 1 as the planning agent, and ¢; as its goal).

Example 2. In the previous example, agent 1’s assumption
about agent 2 happens to be equal to agent 2’s specification.

40

However, our formalism allows for these to be different, e.g.:

©1 = (Enforcey(1)2))
O3 = (Enforce,(12))

Here agent 1 is trying to enforce 1, assuming that agent 2
is trying to enforce 1. However, agent 2 is actually trying
to enforce o (not VYo, as agent 1 assumes), assuming that
agent 1 is trying to enforce 15 (not 1, as he actually is).

ay = Enforce,(p1,01)
o = Enforce, (2, 02)

Example 3. A particular multi-agent generalization of syn-
thesis under assumptions was given in (Aminof et al. 2025a).
The setup can be expressed in our formalism as follows. For
N > 2, partition the agents info two groups: Go = {N}
and Gy = {1,2,--- ,N — 1}. Thus, agent N (considered
to be the environment) reacts to the parallel actions of the
other agents. Now, define the following expressions:

an = Enforce (pn)

a; = Enforce;(p;,0;) fori #1,N

®i - (Sl, ce aSi—hSi-&-la tee ,SN_l,ozN)fori 75 1,]\7
aq = Enforce, (o1, (ag, a3, -+ ,an))

where S; is shorthand for Enforce,(true). oy describes en-
vironment Strategies that enforces @y no matter what the
other agents do. «; (for i # 1,N) describe the agent-
1 strategies that enforces @; provided that the environment
uses a strategy from apn (assuming no limitations on the
strategies of the other agents). Finally, o describes agent-1
strategies that enforces py provided that every other agent
i # 1 uses a strategy from cv;.

This example (when N > 3) also shows that our formal-
ism allows two agents (e.g., agents 1,2) to have different
assumptions about a third agent (e.g., agent 3).

Note that the grammar does not allow one to write recur-
sive expressions, i.e., where an expression is used inside its
own assumption. While this recursive case may seem in-
teresting at first, after further scrutiny it turns out to be less
appealing, see Section 7.

4.2 Fundamental Problems

We consider four problems for a given multi-agent setting.

Realizability problem. Given an expression «,, decide
if there exists a v-strategy that satisfies «,, (or say there is
none).

Synthesis problem. Given an expression «,, return a
finite-state v-strategy that satisfies o, (or say there is none).

Model-checking problem. Given expressions «,, one for
each v € V, and an LTL formula ¢, decide if every trace
in N,Cns(a,) satisfies ¢, i.e., decide if every trace that is
consistent with some strategy that satisfies «,,, for every v €
V, satisfies .

Guardrail problem. Given an expression «,, build a de-
terministic automaton over finite strings that accepts those
full histories h for which there is no v-strategy in ., with
which & is consistent. Such an automaton is called a
guardrail automaton for a,. The decision version of this
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problem is to decide, given «,, and a full history h, if there
is no v-strategy in o, with which 7 is consistent.

We now discuss the intuitive meaning of having such a
guardrail automaton .A. Consider a full strategy profile &.
After n + 1 rounds according to &, the history produced is
h = ZyZy - Zy,. If his accepted by A, then this means
that &(v) is not in «,, i.e., agent v violated its specification.
Moreover, if h is the shortest full history consistent with &
that 4 accepts, then it was the last move of agent v, i.e.,
Zn N Z" that, intuitively, caused the violation. Indeed, the
prefix h' = ZyZ1 - -+ Z,,_1 of h, being shorter than h, is not
accepted by A. Hence, it is consistent with some non-empty
subset S C «,, of v-strategies; and if agent v had continued
to use any strategy o, € S (and the other agents continued
using their strategies in &, as they did for h) also for the
n + 1 round, then unlike h, the resulting history would have
remained consistent with o, and rejected by \A.

Note that the guardrail automaton .4 is meant to be used to
monitor plays as they progress round-by-round. Thus, it is
only designed to detect violations that occur within a finite
number of rounds. To illustrate, consider the case where
agent 1 has an atom p, and o; = Enf;(Fp). Since ev-
ery history is consistent with oy then A accepts no history.
Nonetheless, the strategy “never set p to be true” is not in
a1, but one cannot detect within a finite number of rounds if
this strategy is used and not some strategy that is in a.!

5 Solving the Fundamental Problems

In this section we present an automata-theoretic approach
to solving the fundamental problems stated in Section 4.2.
We first state two theorems (whose proofs we defer to later
sections) that will serve as the basis for our solutions.

The first theorem says, intuitively, that we can translate a
strategy expression into a DELA:

Theorem 5. Given a multi-agent setting, and a strategies
expression o, one can construct a DELA A, whose lan-
guage is Cns(ay,). Moreover, measured in the size of v,
we have that A, is computable in 2EXPTIME, its size is at
most 2EXP, and its Boolean formula has size at most 1EXP.

This gives a useful corollary:

Corollary 6. Given a multi-agent setting, and a strategies
expression ., one can construct a DELA A such that for
every v-strategy o, we have that o, is in o, iff o, enforces
L(A). Moreover, measured in the size of o, we have that A
is computable in 2EXPTIME, its size is at most 2EXP, and
its Boolean formula has size at most 1EXP.

Proof. The case «, = Enforce,(y) follows immediately
from Theorem 3. For the case o, = Enforce, (p, ©,), pro-
ceed as follows. For every w # v, apply Theorem 5 to O (w)
to get a DELA A, whose language is Cns(©(w)). Apply
Theorem 3 to get a DELA A, whose language is the set of
traces satisfying . Apply Lemma 1 to get a DELA A for
the language (NyxyL(Ay)) = A,. Correctness follows
from Lemma 4. O

'Our automata-based methods can easily handle such violations
that only occur on infinite traces.
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The second theorem says that, given a multi-agent setting,
and a DELA A over the alphabet P(Z), we can reduce the
problem of whether agent v can enforce L(.A) to solving a
certain two-player game played on a DELA built from .A.
To state this theorem, we introduce the following notions.

Two-player games on automata. A game ona DELA is a
tuple (A, A, B) where A, B are disjoint sets of atoms and .4
is a DELA with alphabet ¥ = P(AUB). We first informally
describe the two-player game played on A. The players (aka
opponents) are called Adam and Eve. Adam controls the
atoms from A and Eve from B. The game proceeds by the
players pushing a pebble along the transition system of .4 as
follows: if the pebble is currently in g, first Adam moves by
selecting A’ C A, then Eve moves by selecting B’ C B,
and the pebble’s position in the game is updated to the state
d(g, (A" U B’)). Starting at the initial state, this interaction
generates an infinite run of 4, and Adam is declared the
winner if the run is accepting (and otherwise Eve is declared
the winner).

We now describe this game formally. A play m = Ay By-
A;-Bj -+ - isanelement of (P(A)-P(B))%; this play is an al-
ternative representation of the trace (AoUBy)(A1UB1) - -,
induced by w. A history h is a finite prefix of a play. A strat-
egy for Adam is a function o : (P(A)-P(B))* — P(A) that
maps histories ending in Eve’s moves (including the empty
history since Adam moves first) to an Adam move. A strat-
egy for Eve is a function o : (P(A)-P(B))*-P(A) — P(B)
that maps histories ending in Adam’s moves to an Eve move.
A play 7 is consistent with a strategy if for every history
< in the domain of o we have that 7; = o(7w<;). If o is a
strategy for Adam and § is a strategy for Eve then we write
PLAY (0, §) for the unique play consistent with both of these
strategies. It will be technically convenient to sometimes
blur the distinction between a play and the trace it induces.
E.g., we say that a play 7 satisfies a trace property P if the
trace induced by 7 is in P; or say that a trace 7 is consistent
with a strategy o if the play inducing 7 is consistent with
o. We say that a strategy o for Adam (resp. Eve) is win-
ning if for all strategies 0 for Eve (resp. Adam) we have that
PLAY(0, d) is accepted (resp. not accepted) by A. Deciding
if a given player has a winning strategy, and returning such
a (finite-state) strategy, is called solving the game for that
player. If A, B are understood, we may write “solving the
game on A”, instead of “solving the game (A, A, B)”.

Proposition 7. (Hausmann, Lehaut, and Piterman 2024;
Aminof et al. 2025b) Games on DELAs can be solved in time
polynomial in the size of the DELA, exponential in the num-
ber of labels, and polynomial in the size of the formula.

We now state the second Theorem.

Theorem 8. Given a multi-agent setting, an agent v, and a
DELA A over the alphabet P(Z), one can build, in PTIME,
a DELA game over an automaton A, such that there is a
v-strategy enforcing L(A) iff Eve has a winning strategy in
the game. Moreover, one can transform in PTIME an Eve
winning strategy to a v-strategy enforcing L(A).

We now show how to leverage these results to solve our
fundamental problems from Section 4.2. In addition, we also
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establish tight computational complexities for these prob-
lems, and note that the lower-bounds already hold for the
case that N = 2 (which can be considered the case of a sin-
gle agent operating in an environment). Moreover, the com-
plexity of our Realizability Problem is exactly the same as
classical LTL Realizability which might be surprising since
our formalism allows for arbitrarily nested and circular as-
sumptions.

5.1 Solving the Realizability Problem

Given a strategies expression a,,, we must decide if there is
a strategy in «,,. To do this, apply Theorem 5 to obtain the
DELA A,, whose language is Cns(c,). Note that L(.A)
is non-empty iff «,, is non-empty, which reduces the realiz-
ability problem to the non-emptiness problem of A,,,. Com-
bining the complexities given in Theorem 5, and the cost of
solving the DELA non-emptiness problem (Lemma 2), we
get that this procedure is in 2EXPTIME.

For the lower bound, note that the LTL synthesis problem,
which is known to be 2EXPTIME-hard (Pnueli and Rosner
1990), can be easily encoded by using two of the agents in
the given multi-agent setting. Thus, we have proven that:

Theorem 9. The Realizability Problem is 2EXPTIME-
complete.

5.2 Solving the Synthesis Problem

Given a non-empty strategies-expression «,,, we must return
a strategy in «,,. Apply Corollary 6 to get a DELA A such
that a v-strategy is in «,, iff it enforces L(.A). Apply The-
orem 8 to get a game on the DELA A, such that there is a
v-strategy enforcing L(.A) iff Eve has a winning strategy in
the game on A,. Apply Proposition 7 to solve the game on
A, to get a winning strategy for Eve, and return the induced
v-strategy. The complexity of this algorithm is 2EXPTIME.

5.3 Solving the Model-checking Problem

We reduce the model-checking problem to the realizability
problem as follows. Given a, - - - , an, ¢, build an instance
of the realizability problem by adding a new agent (N + 1),
with no atoms (i.e., ZV¥+! = (), placed in G (any group
will work because agent N has no atoms), and build the ex-
pression a1 = Enforceny1(p, ©ny1) where Oy is
defined by letting © y41(v) = ay, for every v € [N]. Itis
easy to see that agent N + 1 has a single strategy (which
outputs the empty set at every point in time), and that every
trace is consistent with it. Thus, this strategy is in a4 iff
all traces consistent with © 11 satisfy .

Alternatively, we can reason more directly as follows.
For each v € [N], apply Theorem 5 to get a DELA A,
whose language is Cns(c,); apply Theorem 3 to ¢ to get
a DELA A, that accepts the traces that satisfy ; apply
Lemma 1 to build a DELA A’ for the Boolean combination
(Nyey L(Ay)) N —L(A,), and check that L(A’) is empty
using Lemma 2.

Conclude that the Model-checking Problem is in 2EX-
PTIME. For the lower bound, we reduce from the Non-
Realizability problem which is 2EXPTIME-hard since the
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Realizability problem is (Theorem 9), and since determinis-
tic complexity classes are closed under complement. Given
an instance «, of the Non-realizability problem, build an
instance of the model-checking problem by taking a,, to-
gether with «v,, = Enforce,, (true) for w # v, and ¢ = false.
It is easy to see that the formula false holds on all traces con-
sistent with a1, - - - , ay iff there are no such traces, i.e., iff
Qu, 1S not realizable. Thus, we have proven that:

Theorem 10. The Model-checking Problem is 2EXPTIME-
complete.

5.4 Solving the Guardrail Problem

Apply Theorem 5 to the given «, to get a DELA A whose
language is Cns(a,). Let D be its deterministic transi-
tion system, and let @ be its set of states. Compute (using
Lemma 2) the set I’ C @ of states ¢ for which A4, with ini-
tial state ¢, has an empty language. The guardrail automaton
is the DFA (D, F). It is easy to see that a full history h is
consistent with a strategy in «,, iff h is a prefix of a trace
accepted by A iff h is rejected by (D, F)).

Note that deciding if a full history A is consistent with
some strategy in ¢, is thus in 2EXPTIME. It is also
2EXPTIME-hard since if h is the empty string then this is
just the Realizability Problem (see Theorem 9).

Thus, we have proven that:

Theorem 11. Given o, we can compute a guardrail au-
tomaton in 2EXPTIME, and of size 2EXP. Moreover, the de-
cision version of this Problem is 2EXPTIME-complete.

6 Proving Theorems 5 and 8
We start with the proof of Theorem 8.

6.1 Proof of Theorem 8

Given a multi-agent setting, an agent v, and a DELA A over
the alphabet P(Z). We will construct a DELA A, and
a game (A,, A,B) on this DELA, such that there is a v-
strategy enforcing L(.A) iff Eve has a winning strategy in
the game on A,.

In the special case where the grouping of agents is such
that either all (resp. none) of the other agents move before
v on each round, things relatively easily transfer to the 2-
player setting by identifying v with Eve (resp. Adam) and
directly simulating all the other agents by Adam (resp. Eve).
Things get more complicated when in each round some of
the moves of the other agents are visible to v while others
are invisible, since then, neither Eve (resp. Adam) who sees
(resp. does not see) her opponent’s move in each round are
suitable to represent v without further work. Our ability to
always represent v by Eve, as we claim in Theorem 8§ —
transferring enforcing v-strategies to winning Eve strategies
(and vice-versa) — relies solely on maintaining at each point
in time the same information visible to Eve’s strategy as to
the v-strategy. This is achieved by time-shifting a portion
of Adam’s move from one round to the next: namely, the
portion corresponding to the agents that do not move be-
fore v in the multi-agent setting. It is important to note that
the co-operation inherent in lumping all the other agents into
Adam, as well as the choice of what moves of Eve are visible
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to Adam at each point in time, has no effect on the correct-
ness of the reduction. Indeed, it is clear from the definition
of enforcing strategies that no amount of cooperation among
the other agents, or advance knowledge of the moves of v,
can compromise in any way the fact that playing against a
v-strategy enforcing L(.A) results in a play in L(.A).

We now formally describe the game (A,, A,B). As is
clear from the discussion above, we set A = U+, Z" and
B = Z". Before we describe the automaton A,, we need to
first define how we time-shift.

Let m be such that v is in group G,,, and recall that the
domain of v-strategies are v-histories. Such histories con-
tain the moves of all the agents in previous rounds, and only
the moves of the agents in groups < m in the last round.
Contrast this with strategies of Eve, whose domain (by our
choice of A, B) are histories which contain the moves of
all the agents also in the last round (except for v). Let
Zi(I) C Z(I) be the moves of the agents in group G at
round t. To realign the strategies of v and Eve to have the
same information available to them at each time step, we
will construct A, to accept not L(.A), but a slightly mod-
ified trace property which ignores Zo(m),--- , Zo(k) (at
time step 0), and associates the atoms in Z;(m) - - - Z(k)
from time step ¢ with time-step ¢ — 1, before feeding them to
A. Thus, effectively, when Adam makes a move at round ¢
(all of which is visible to Eve at round ¢), as far as A, is con-
cerned, the part of that move that would have been visible to
v at round ¢ remains associated with this round, whereas the
other part is associated with the previous round (hence it is
also visible to v at round t).

Definition 1 (The DELA A,). Given an agent v € G,,,
and a DELA A = ((3,Q,t,0), (T, A\, B)) over the alphabet
P(Z). Let Y' = Uje[m—1)Z(i) U Z", and define the DELA
A, = ((Z,Q,,8), (T, XN, —-B)) as follows:

e Q' ={/}U(Q xP(Y")) where ! is a fresh state.

. §(/,2) = (1L, ZNY"), and §'((¢,Y), Z) = (¢, ZNY")

where ¢ = 6(q,Y U(Z\Y?)).

* M) =0and \Nq, Z) = X\q).

Define shift(L(A)) to be the following trace property: a
trace ZoZ1Zs - -+ is in shift(L(A)) iff the trace pop1p2 - -
isin L(A), where p; = (Z; NY?) U (Ziz1 \ Y?)). Ttis
not hard to see that L(A,) = 3¢ \ shift(L(.A)) (observe
that the acceptance condition of .4, is the negation of that of
A, since we are looking for winning strategies of Eve, i.e.,
strategies that enforce the non-acceptance of the DELA A,).
Intuitively, for every input letter (except the first one), the
automaton .4’ takes the moves of v and the agents in groups
G4 to G,,,—1 (that were stored in the second co-ordinate of
the state of the automaton) from the previous letter, together
with the moves of all the other agents from the current letter,
and uses these to simulate a transition of .A. Notice that the
moves of the agents in groups G,,, to G}, (with the exception
of agent v’s moves) in the first input letter are discarded.

We now show how to transform a v-strategy enforcing
L(A) to an Eve winning strategy, and vice versa. This is
quite simple (though a bit technically tedious), and amounts
to (i) transforming v-histories which are composed of con-
catenations of the moves from £ different groups, to histo-
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ries in the game which are concatenations of moves of only
2 players; (ii) performing the relevant time shifts. For the
first direction, given a v-strategy o, define an Eve strategy
o' by letting o’ (h') = o(h) where h is formed from b’ by
shifting each block of moves of the agents in groups m + 1
to k one round to the left (and discarding them from the first
round). Formally, let b’ = Ag-By - -+ Ay, - By, - Ant1, and let
Z; be the concatenation of (A; NZ(1))--- (A;NZ(m — 1))
and (Bi11U(Aip1 NZ(m))) (A1 NZ(m+1)) - (Aga N
Z(k)). Finally, let h be ZoZy -+ Z Zy 41 (note that Z,, 14
is (Ap+1NZ(1)) -+ (Apt1 NZ(m — 1))). Itis not too hard
to see that if o enforces L(.A) then o’ enforces shift(L(.A)).

For the other direction, we simply perform the reverse
transformation than the one given above. Given an Eve
strategy o', define a v-strategy o by letting o(h) = o'(h')
where /' is formed from h as follows. Let h = ZZ1 - - - Z,,
where Z; = Z;(1)---Z;(k) for ¢« < n, and Z, =
Zn(l) cee Zn(m — 1), then h/ = AoB() cee AnlenflAn
where: Ay = (Uj<mZo(j)), and for ¢ > 1, A, =
(Ujgm_lzi(j)) U (szmZi—l(j) \ Zv), and for 1 < n,
Bi = Zl(m) N Z". Note that A(] = (Uj§m71Z()(j)), and
this amounts to making the (arbitrary) choice that in the two
player game the first move Ay of all the agents except v that
are in groups > m, is the empty set. This arbitrary choice
is justified since .4, ignores these moves. Similar to the
first direction, it is not too hard to see that if ¢’ enforces
shift(L(A)) then o enforces L(.A).

The proof of Theorem 8 is complete by observing that the
construction of A,, as well as the transformations of strate-
gies given above, are clearly performed in PTIME (recall that
the multi-agent setting — and thus the set Z of atoms — is
considered to be constant, and not part of the input).

6.2 Proof of Theorem 5

The next theorem shows how to convert a DELA A into one
for the traces consistent with strategies enforcing L(A); its
proof follows the same line of reasoning as the one stated
in (Aminof et al. 2025a, Theorem 8).

Theorem 12. Given a DELA A = (D, (I', A\, B)) and an
agent v, a DELA A’ for Cns(Enf,(L(A))) can be built in
time polynomial in the size of the transition system D, ex-
ponential in the number |U'| of labels, and polynomial in the
size of the Boolean formula B. Moreover, the size of A’ is
linear in the size of A.

We can now give the construction of A, stated in Theo-
rem 5. Given a strategies expression «,,, the construction
proceeds in three steps: in Step (A) we construct an ex-
pression that describes a trace property W(cv,) such that a
v-strategy is in «,, iff it enforces ¥(«,); in Step (B), by
traversing the parse-tree for the expression ¥(c, ), we build
a DELA Ay (,,) whose language is ¥(a,); and in Step (C)
we obtain from Ay (., the desired DELA A,,. We call
the expressions constructed in Step (A) trace-properties ex-
pressions. They define trace properties using LTL formu-
las (where a formula represents the set of traces that satisfy
it), standard Boolean set operations like A (intersection), —
(complement), etc., and the operator Cns(Enf,(—)) which
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takes a trace property P and returns the set of traces consis-
tent with v-strategies that enforce P.

Step (A) Let oy, be a strategies expression for agent w.
Build a trace-properties expression ¥(«,,) by induction on
the structure of «,, as follows:

* Suppose «,, = Enforce,, () where ¢ is an LTL formula.
Define ¥(a,,) to be .

* Suppose «,, = Enforce,, (¢, ©.,,) where ¢ is an LTL for-
mula and ©,, = (a1, Qu—1,Qy11,- -+ ,an). Define
V() to be (A2, Cns(Enf, (¥(ay)))) = .

The fact that a w-strategy is in v, iff it enforces W(ay,)
follows by induction on the structure of o,,: it is trivially
true for o, = Enforce,, (), and follows from Lemma 4 for
a,, = Enforce,, (¢, ©,,), and the fact that Enf, (¥ (a,)) =
ag (for all z # w), and that Ay, Cns(a,) = Cns(O,).
The output of this step is the trace-properties expression
U ().

Step (B) Given a trace-properties expression ¥ we build
(by induction on the structure of the expression W) a DELA
Ay whose language is the traces defined by U: if ¥ is an
LTL formula ¢ then apply Theorem 3; if ¥ is a Boolean
combination, apply the fact that DELAs are closed under
Boolean operations (Lemma 1); and if ¥ is of the form
Cns(Enf,,(¥’)), apply Theorem 12 to the DELA Ag:. The
output of this step is the DELA Ay q, ).

Step (C) Finally, obtain the DELA A, by applying The-
orem 12 to the DELA Ay, ).

Proof of Theorem 5. By Step (C) the language of A, is
the set of traces consistent with strategies that enforce
L(Agy(a,)); by Step (B), language L(Agy(a,)) equals the
trace property W(cv, ); and by Step (A) the strategies enforc-
ing this property are exactly the strategies in «,. Hence,
overall L(A,,) is the set of all traces consistent with strate-
gies in «,,. This proves the first part of Theorem 5. For the
size and complexity analysis, proceed as follows.

For step (A), the size of ¥ = W(c,) is linear in the size
of o, and can be computed from «,, in linear time. To cal-
culate the cost of step (B), we first calculate the size of the
DELA constructed for each node in the parse-tree of . Let
z be the size of the largest input LTL formula appearing in
V. By Theorem 3, for each leaf, the associated DELA has
at most 2EXP in z many states, and an acceptance condi-
tion whose size (both in terms of the number of labels and
in terms of the size of the Boolean formula) is 1EXP in z.
An internal node constructed using Theorem 12 has a DELA
whose size is essentially the same as that of its child node.
By Lemma 1, an internal node representing a Boolean op-
eration has a DELA whose number of states is a product of
the number of states of its NV — 1 child DELAs, and whose
number of labels (resp. size of Boolean formula) is linear
in the sum of the number of labels (resp. in the sizes of the
Boolean formulas) of its child DELAs. Overall, we get that
the number of states of any constructed DELA in Step (B)
is at most the number of states of the biggest leaf DELA
raised to the power 2°(1) where H is the depth of the parse
tree (observe that the multi-agent setting is considered fixed,
and thus the number of agents [V is a constant). Since H
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is bounded by the size of «,,, each constructed DELA (and
in particular Ay 4, )) has at most 2EXP many states, IEXP
many labels, and a Boolean formula of size at most 1IEXP in
the size of the input.

As for the cost of Step (C), observe that the DELA A,
was constructed using Theorem 12, similar to DELAs for
sub-expressions of the form Cns(Enf,(¥’)) constructed in
Step (B), and thus the cost calculation of this step is essen-
tially covered by the calculation there.

It is easy to see that for leaf nodes, as well as for Boolean
operations nodes, the time spent in step (B) constructing the
corresponding DELA is linearly related to the size of this
DELA. By the upper-bound for the sizes of the DELAs given
above, we can deduce that the time needed, in Steps (B) or
(C), to construct a DELA using Theorem 12 is at most 2EXP
in the size of the input. Hence, since the size of the parse tree
of ¥ is polynomial in the input size, the total time spent in
step (B) is 2EXP in the input size. Hence, by combining the
costs of steps (A), (B), and (C), and using the stated com-
plexity for solving EL-games (Proposition 7), one gets the
required 2EXPTIME upper-bound. O

7 Discussion

Our strategy expressions (Section 4) are non-recursive. We
now discuss recursive relationships between strategy expres-
sions, as well as the semantic problems that arise in this case.

We can assign variables to represent strategy expressions,
and use these variables inside the assumptions. For instance:
z1 = Enforce;(p1, (z2)) and 2o = Enforces (w2, (z1)).
Here, x; is a variable that varies over sets of strategies of
agent . This system of equations naturally captures the sce-
nario that two agents know each others’ goals.

What does it mean to solve these equations? The
obvious semantics is that a solution is a pair (S1,S2)
where S; is a set of i-strategies, such that plugging in
S; into the RHSs yields the LHSs. In other words,
(51, S2) is a fixpoint of the induced operator F'(X;, X3) :=
(Enfy (¢1, X2),Enfa(ps, X71)). Unfortunately, such opera-
tors do not (in general) satisfy the common monotonocity
requirement for fixpoints to actually exist. Indeed, if one
increases X1, X2, and then re-evaluates the equations, one
obtains smaller X1, Xo, because increasing an assumption
potentially makes it harder to enforce the goal under that
assumption see (Remark 1). Notably, if one tries to com-
pute a greatest (or least) fixpoint, the sequence of steps
(F™(Z',=?)),,>0 may oscillate and never fix.?

Finally, ignoring the non-trivial problem of computing a
fixpoint (X7, X5) if one happens to exist, what is the appeal
of such a fixpoint? In our example, if an agent can enforce
its goal unilaterally, then such a fixpoint is not very appeal-
ing, it may actually be dangerous. Indeed, such a fixpoint
may contain strategies that do not enforce its goal unilater-

2One way to avoid the oscillation problem is to intersect, i.e.,
consider G(X1, X2) := (Enfi(¢1,X2) N X1, Enfa(p2, X1) N
X32). However: if agent i cannot enforce (; unilaterally, then the
ith component of G™ (2", Z2) is () for n > 1. On the other hand, if
both can enforce unilaterally, then (Enf;(¢1), Enfa(¢2)) is a fix-
point, and the agents gain nothing by having an assumption!



Proceedings of the 23rd International Conference on Principles of Knowledge Representation and Reasoning
Main Track

ally, and employing such a strategy is risky if the other agent
deviates from the fix point. Otherwise, in the special case
that neither agent can enforce its goal unilaterally, both are
incentivized to stick to that fixpoint if the other does, since
in this case they each achieve their goal. This is reminis-
cent of Nash Equilibria in game-theory, and it suffers from
the same issues. There may be multiple fixpoints, so how
do the agents agree on one? And, if they do have a way to
agree, why don’t they agree on a single co-operative strategy
profile, i.e., on a Nash Equilibrium?

In summary, while the recursive case is not as appealing
as it seems at first sight, it may deserve further investigation
to explore scenarios where it may make sense.
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